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PREFACE 


The  Seventh  Europhysical  Conference  on  Defects  in  Insulating  Materials  (EURODIM  94) 
was  held  in  the  ‘Ecole  Normale  Supirieure’  de  Lyon.  The  conference  has  been  organized 
by  the  ‘Laboratoire  de  Physico-Chimie  des  Matiriaux  Luminescents’  and  the  ‘Departement 
de  Physique  des  Matiriaux’  of  the  University  Claude  Bernard  Lyon  1. 

EURODIM  94  follows  the  so-called  LATDIM  90  europhysical  conference  of  the  same 
series  held  in  Groningen  (The  Netherlands)  and  the  ICDIM  92  international  conference 
held  in  Germany.  The  aim  of  such  conferences  is  to  bring  together  scientists  from 
academic  institutions  and  industry  to  discuss  about  the  physics  and  chemistry  of  defects  in 
insulating  solids  and  their  role  in  the  properties  of  materials.  It  is  clear  that  the  numerous 
applications  and  the  quest  for  new  and  better  materials  make  this  field  of  research  very 
active. 

EURODIM  94  received  more  than  600  contributions  and  more  than  500  demands  of 
participation,  a  large  number  of  which  coming  from  scientists  of  Eastern  Europe. 
Following  the  example  of  ICDIM  92,  we  did  a  strong  effort  to  financially  support  many  of 
them  with  the  help  of  various  institutions  and  private  contributions.  We  want  to  gratefully 
acknowledge  all  tihe  sponsors  who  participated  in  the  financial  support  of  the  conference 
and  more  especially  the  local  institutions  who  were  particularly  generous. 

The  final  scientific  program  included  23  invited  papers,  57  oral  contributions  and 
around  400  poster  presentations.  We  wish  to  acknowledge  the  members  of  the 
International  Advisory  Committee  for  their  help  in  the  choice  of  the  invited  talks  and 
the  members  of  the  Program  Committee  who  had  the  difficult  task  to  review  more  than 
300  papers  and  to  select  the  oral  contributions  of  the  conference.  On  behalf  of  the 
Organizing  Committee  we  now  express  our  thanks  to  all  the  authors  and  the  referees,  who 
have  contributed  to  the  Proceedings  of  EURODIM  94. 


Marie-Genevihve  BLANCHIN 
Christian  PEDRINI 
Conference  Chairmen 


Jokl  DAVENAS 
Publication  Committee 
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COMPUTER  SIMULATION  OF  THE 
THERMODYNAMICS  AND  DIFFUSION  IN 
NONSTOICHIOMETRIC  MATERIALS 


G.  E.  MURCH 

Department  of  Mechanical  Engineering,  The  University  of  Newcastle,  Callaghan, 

NSW  2308,  Australia 

(Received  July  1,  1994) 

In  this  brief  review  recent  progress  in  the  application  of  computer  simulation  techniques  to  the  thermodynamics 
and  diffusion  processes  in  highly  nonstoichiometric  materials  is  discussed.  For  the  discussion  of 
thermodynamics  we  review  the  application  of  the  Monte  Carlo  method  and  its  recent  full  integration  with  lattice 
relaxation  methods.  For  the  discussion  of  diffusion  we  also  review  the  application  of  the  Monte  Carlo  method 
with  special  emphasis  on  concentrated  as  well  as  defective  systems  and  also  its  integration  with  lattice 
relaxation  methods.  Testing  of  relations  among  phenomenological  coefficients,  tracer  diffusivities  and  ionic 
conductivities  is  also  commented  on. 

Key  words:  thermodynamics,  diffusion,  Monte  Carlo,  computer  simulation. 


1  INTRODUCTION 

From  an  experimental  point  of  view  there  is  an  abundance  of  high  quality  thermodynamic 
data  for  numerous  nonstoichiometric  pure  materials,  though  rather  less  so  for  mixed  systems. 
A  similar  situation  also  exists  for  diffusion  data,  both  tracer  and  chemical.  In  spite  of  these 
data  an  understanding  beyond  the  mass  action  law  approach  has  been  rather  slow  in  coming. 
In  this  brief  overview  we  will  focus  on  the  problems,  how  they  can  be  tackled  by  computer 
simulation  and  review  some  of  the  progress  made  to  date. 


2  COMPUTER  SIMULATION  OF  THE  THERMODYNAMICS  OF 
NONSTOICHIOMETRIC  MATERIALS 

In  order  to  describe  the  thermodynamics  of  the  nonstoichiometric  phase  it  has  been  usual 
to  address  two  formally  separate  problems.  The  first  is  the  free  energy  of  formation  of  the 
defect.  The  second  is  the  calculation  of  the  free  energy  of  interaction  of  those  defects.The 
very  well-known  Mott-Littleton  approach  as  embodied  in  such  codes  as  HADES  III’  and 
CASCADE^  has  enjoyed  widespread  success  in  the  calculation  of  formation  (and  migration) 
internal  energies,  these  are  closely  equal  to  the  constant  pressure  defect  formation  (and 
migration)  enthalpies  in  many  cases.  We  might  mention  that  binding  energies  of  a  defect 
to  a  dopant  can  also  be  calculated  in  much  the  same  way.'’  The  entropies  of  defect  production 
and  migration  are  also  accessible  using  such  quasi-harmonic  programs  as  SHEOL.^  For  an 
excellent  review  of  the  recent  progress,  see  Harding.^’^ 

Computer  calculation  of  the  free  energy  of  interactions  requires  a  statistical  mechanical 
approach,  in  particular  the  Monte  Carlo  method.  In  order  to  discuss  the  computer  calculation 
of  the  interactions  it  is  useful  to  use  Coj.gO  as  a  concrete  example.  We  write  for  the 
Hamiltonian  H  of  the  defective  oxide  in  the  grand  canonical  ensemble  assuming  that  only 
doubly  ionized  vacancies  and  electron  holes  localised  on  the  metal  lattice  exist. 
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H  =  E,-N, 


Hy.  ~  TSyr,  +  constant  -^dG(02) 


(1) 


where  Ej  is  the  interaction  internal  energy,  this  includes  both  electrostatic  and  short  range 
interactions,  is  the  number  of  metal  ions,  c  =  1/(1  -  6)  is  the  composition  of  the  oxide 
and  d^G{02)  =  ^G^O^X  -  AG(02X  =  i  with  AG(02)  =  RTlnPo2.  and  are  the  formation 
enthalpy  and  entropy  of  one  doubly  ionized  vacancy  and  two  holes  at  infinite  dilution 
respectively. 

It  has  long  been  known  that  AG(02)  is  not  particularly  sensitive  to  the  details  of  the 
model.  Much  more  sensitive  are  its  components,  the  partial  molar  enthalpy  and 

entropy  A5(G2).  In  the  grand  canonical  ensemble  AG(02)  versus  c  is  immediately  available 
in  a  Monte  Carlo  simulation  (AG(G2)  is  specified  and  the  lattice  equilibrates  to  the  appropriate 
composition).  The  partial  molar  enthalpy  can  be  calculated  from  the  fluctuations  in  the 
internal  energy,  see  for  example.^  The  entropy  and  enthalpy  can,  of  course,  be  found  from 
the  temperature  dependence  of  AG(G2).  At  very  low  defect  concentrations  the  grand 
canonical  ensemble  becomes  unworkable  because  of  the  low  probability  of  defect 
insertion/removal. ^ 

The  petit  canonical  ensemble  is  a  reasonable  alternative  in  a  Monte  Carlo  simulation. 
AG{0^  can  be  calculated  readily  by  using  the  so-called  particle  insertion  method  first 
introduced  by  Widom^  and  adapted  to  Monte  Carlo  simulation  by  Murch  and  Thorn.  The 
chemical  potential  p  (the  quantity  in  square  brackets  in  Eqn.  1)  is  written  as 

fjL  =  -kTln 

where  B  is  the  number  of  sites  in  the  lattice  and  A£^  is  the  change  in  energy  on  the  addition 
of  the  +  1  ion.  A  better  numerical  result  is  obtained  by  appropriately  averaging  over  the 
particle  insertion  process  and  particle  removal  process.^  It  is  worth  mentioning  that  the 
particle  insertion  method  can  also  be  used  in  a  Molecular  Dynamics  simulation  by  freezing 
a  given  configuration.*^  The  partial  molar  enthalpy  and  entropy  can  be  obtained  from  the 
temperature  dependence  of  p.  The  enthalpy  can  be  calculated  directly  using  the  insertion 
method  described  by  Tetot  et  al^  or  by  numerically  differentiating  the  internal  energy,  see 
for  example  ref  7. 

The  first  Monte  Carlo  calculations  in  the  area  made  use  of  blocking  models  in  a  rigid 
lattice:  a  defect  blocks  a  given  number  of  neighbouring  sites  from  occupation  by  other 
defects.*^  This  model  has  seen  considerable  success  in  interstitial  solid  solutions  in  metals 
where  long  range  interactions  are  not  important.  Even  in  oxides  such  as  UO2+X  the  partial 
molar  entropy  of  oxygen  is  quite  nicely  described  by  defect  clusters  blocking  a  small 
number  of  sites.  Being  athermal,  such  models  are,  of  course,  incapable  of  describing  a 
dependence  of  the  partial  molar  enthalpy  of  solution,  Later  Monte  Carlo  calculations  used 
‘soft’  nearest  neighbour  interactions,  the  model  now  being  the  lattice  gas  analogue  of  the 
Ising  ferromagnet.  The  agreement  with  experiment  in  systems  such  as  UC^  l<x<2  where 
long  range  interactions  are  relatively  unimportant  is  surprisingly  good. 

Two  areas  clearly  needed  improvement.  For  application  to  systems  with  low  dielectric 
constants  one  needs  to  include  the  long  range  Coulombic  interactions.  And  of  course  one 
needs  to  remove  the  rigid  lattice  assumption.  Many  years  earlier  Atlas  had  attempted  to 
describe  analytically  the  thermodynamics  of  the  nonstoichiometric  phase  in  terms  of 
Coulombic  interactions.  The  Monte  Carlo  implementation  was  rather  a  long  time  in  coming 
though  preliminary  calculations  were  described  by  Murch.*^  The  difficulty  comes  about 
because  of  the  large  amount  of  computer  time  required  to  recompute  the  interactions  at 
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each  Monte  Carlo  step.  In  an  important  series  of  Monte  Carlo  papers  Tetot,  Boureau  and 
coworkers®''’’‘®’‘®’“  have  recently  explored  the  thermodynamic  properties  of  Coulombically 
interacting  defects  in  applications  to  and  Ni^^gO  .  Among 

other  things  it  was  shown  that  the  approximations  employed  by  Atlas'^  have  artifically 
given  a  good  description  of  the  partial  molar  enthalpy  in  CeOj^^,.  Such  Monte  Carlo 
calculations  have  also  been  especially  useful  in  determining  the  limits  of  applicability  of 
the  widely  used  ideal  mass  action  law**  and  the  Debye-Huckel  formalism.  These 
calculations  employed  only  Coulombic  interactions  and  so  are  inappropriate  for  wide 
departures  from  stoichiometry  where  the  defects  will  frequently  be  in  close  proximity. 

This  brings  us  back  also  to  the  problem  of  moving  beyond  the  rigid  lattice.  There  are 
two  ways  of  proceeding  in  order  to  include  the  effect  of  short  range  interactions,  assuming 
of  course  that  they  are  known.  The  first  (non  rigorous)  way  is  to  employ  a  pattern  recognition 
scheme  in  the  Monte  Carlo  program  in  conjunction  with  energies  calculated  in  a  separate 
relaxation/Mott-Littleton  program.  The  pattern  could  extend  over,  say,  20  or  30  sites.  This 
idea  has  been  used  in  a  diffusion  context^'  but  so  far  has  not  been  employed  for 
thermodynamic  properties.  Probably  the  particle  insertion  method  in  the  petit  canonical 
ensemble  for  calculating  the  chemical  potential  would  be  the  simplest  to  implement.  The 
second  way  to  proceed  is  to  integrate  the  Monte  Carlo  and  relaxation  methods  in  an  exact 
calculation  fully  in  the  spirit  of  the  zero  Kelvin  formalism.  At  every  Monte  Carlo  step  a 
full  relaxation  of  the  entire  lattice  is  required.  Of  course  a  great  deal  of  computer  time  is 
required  for  such  calculations.  On  present  machines  it  is  virtually  out  of  the  question  to 
even  contemplate  a  3D  calculation  involving  Coulombic  interactions  and  short  range  forces 
and  a  Mott-Littleton  approach  for  the  polarisation  response!  So  far,  two  far  more  limited 
calculations  have  been  reported.“’“  The  first  was  a  Monte  Carlo  calculation  in  the  grand 
canonical  ensemble  for  a  ID  interstitial  solid  solution  model.  The  second,  in  the  same 
ensemble,  was  an  extensive  calculation  of  the  chemical  potential/phase  diagram  of  the  well- 
known  Frenkel-Kontorova  model.  Some  representative  isotherms  from  the  second  study 
are  shown  in  Figure  1.  It  is  worth  noting  that  the  Monte  Carlo/relaxation  calculation  can 
remove  the  articificial  distinction  between  formation  and  interaction  of  the  defects. 


3  COMPUTER  SIMULATION  OF  DIFFUSION  IN  NONSTOICHIOMETRIC 
MATERIALS 

In  order  to  understand  the  overall  diffusion  process  in  a  highly  condensed  system  where 
the  hopping  model  is  applicable  one  has  to  deal  with  two  rather  distinct  components  of  that 
process.  The  first  is  the  calculation  of  the  activation  enthalpy  and  entropy  for  the  individual 
jumps,  and  therefore  the  jump  frequency,  the  other  is  the  calculation  of  the  correlations  in 
directions  between  those  jumps  as  reflected  in  such  quantities  as  the  correlation  factors. 
For  self  diffusion  in  stoichiometric  ionic  solids  both  of  these  components  can  be  dealt  with 
readily.  The  well-known  Mott-Littleton  calculations  of  defect  formation  and  migration 
enthalpies  with  HADES  III'  and  CASCADE^  and  the  SHEOL*  calculation  of  entropies 
have  been  especially  significant  in  providing  quantitative  contact  with  experiment.  And 
the  calculation  of  correlation  factors  has  been  an  active  subject  for  over  40  years.The  accurate 
calculation  of  these  factors  by  Monte  Carlo  for  instance  is  done  so  routinely  that  it  is  even 
used  as  an  undergraduate  experiment  at  the  author’ s  university  among  others,  see  especially 
ref.  24. 

The  introduction  of  a  single  impurity  can  be  handled  along  similar  lines,  this  has  been 
nicely  demonstrated  by  Harding  and  coworkers^^'^^  for  impurity  diffusion  in  CoO  and  NiO. 
Increasing  the  concentration  of  dopant  atoms,  in  other  words  to  enter  the  concentrated 
regime,  represents  a  formidable  obstacle.  One  now  needs  to  average  over  a  very  large 
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FIGURE  i  The  chemical  potential  p  divided  by  the  cage  potential  V„  versus  concentration  in  the  Frenkel- 
Kontorova  model  at  various  values  of  kT.  The  interactions  between  particles,  as  expressed  by  ab~  (where  a  is 
the  force  constant  and  b  is  the  average  distance  between  the  particles)  was  put  equal  to  0.4  tt. 


number  of  different  environments  encountered  by  a  given  atom.  In  principle  there  appear 
to  be  two  computer  simulation  approaches  to  the  problem.  The  first  is  to  use  Molecular 
Dynamics.  This  is  certainly  the  preferred  method  for  the  problem,  partly  because  it  avoids 
the  hopping  model  formalism,  and  partly  because  all  dynamical  information  is  accessible. 
But  at  present  it  is  not  a  viable  method  in  highly  condensed  systems.  In  liquids,  at  high 
temperatures,  or  in  fast  ion  conductors,  it  is  of  course  a  well  established  technique.  Even 
there,  the  number  of  calculations  in  mixed  systems  still  remains  small.  The  other  approach 
is  to  use  a  Monte  Carlo  method  combined  with  a  lattice  relaxation  calculation.  In  this,  there 
are  two  options. 

One  can  first  calculate  defect  migration  (and  formation)  energies  for  the  relatively  small 
number  of  distributions  in  a  local  region,  perhaps  involving  20  or  30  sites.  With  these 
energies  in  hand,  one  can  then  do  a  ‘standard’  Monte  Carlo  diffusion  simulation:^^  at  each 
attempted  move  of  the  defect,  the  distribution  of  atoms  in  the  immediate  region  is  scanned, 
recognised  and  the  appropriate  energy  looked  up  and  used  to  form  a  jump  probability. 
Computer  generated  random  numbers  are  then  used  to  determine  the  outcome.  One  can 
calculate  the  average  jump  frequency  and  the  tracer  correlation  factors  from  the  mean 
squared  displacements  and  number  of  jumps  in  time  t.  If  an  electric  field  is  imposed,  it  will 
also  be  possible  to  calculate  what  are  now  called  collective  correlation  factors.^^  After  the 
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initial  calculation  for  Ce02  doped  with  ^203’^  there  has  been  little  further  progress.  The 
main  difficulties  appear  to  be  the  very  large  investment  in  time  in  assembling  the  energies 
from  the  Mott-Littleton  program  and  the  need  to  conceive  an  efficient  pattern  recognition 
scheme  for  each  new  problem  in  addition  to  a  new  Monte  Carlo  lattice  program.  The  neglect 
of  the  background  outside  the  local  region  is  a  rather  worrying  assumption  that  is  difficult 
to  evaluate. 

The  Monte  Carlo/relaxation  scheme  above  was  basically  a  tandem  calculation:  the 
energies  were  calculated  beforehand  and  used  as  required  in  the  Monte  Carlo  calculation. 
The  second  option  is  to  integrate  them  into  a  single  program.  The  general  idea  is  that  at 
each  attempted  move,  the  energy  barrier  is  calculated  hypothetically  by  moving,  in 
increments,  the  atom  from  its  site  towards  the  vacancy  with  lattice  relaxation  at  each  point. 
This  is  of  course  how  migration  energies  are  calculated  in  Mott-Littleton  programs. 
Something  like  10  relaxations  are  required  in  order  to  reasonably  establish  the  energy 
barrier.  A  computer  generated  random  number  is  then  used  to  establish  the  outcome  of  the 
proposed  jump.  Naturally,  this  type  of  simulation  is  extremely  slow.  Various  preliminary 
unpublished  calculations  by  the  author  in  alloy  systems  have  all  shown  that  it  is  far  too 
slow  to  be  useful  at  this  time  except  in  one  dimensional  models  such  as  the  Frenkel- 
Kontorova  model. 

Rather  more  progress,  but  of  a  completely  different  kind,  has  been  made  by  using  Monte 
Carlo  computer  simulation  of  diffusion  in  rigid  lattice  models.  The  intent  here  is  not  so 
much  to  model  real  systems  accurately,  but  to  test  analytical  relations  using  models  showing 
various  degrees  of  non-ideality  in  the  distributions  of  the  components.  A  series  of  papers 
by  Lidiard  and  Murch  and  coworkers^^’^^  dealing  with  relations  between  the 
phenomenological  coefficients  of  irreversible  thermodynamics  and  measurable  atomic 
transport  coefficients  such  as  tracer  diffusivities  and  ionic  conductivities  showed  that 
computer  simulation,  even  of  rigid  lattice  models,  could  be  very  useful  in  delineating  the 
range  of  validity  of  the  derived  relations.  Results  of  these  simulations  should  give  one  the 
confidence  to  use  such  relations  in  an  experimental  context. 
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The  absence  of  long  range  order  in  the  glass  structure  allows  to  define  only  point  defects  in  these  materials. 
They  are:  1)  intrinsic  defects — atomic  size  local  deviation  from  short  range  order;  2)  impurity  defects — isolated 
impurity  atoms  or  ions  in  the  glass  network;  3)  intrinsic  impurity  defects — complexes  consisting  of  the  impurity 
atoms  chemically  bonded  to  one  of  the  intrinsic  defect  atoms.  The  latter  defects  are  characteristic  for  the  doped 
glasses.  Presence  of  point  defects  in  glasses  introduces  new  spectroscopic  properties  of  these  solid  materials. 
Defect  generation,  interaction  and  recombination  reactions  resulting  from  the  external  influence  causes  the  glass 
spectroscopic  property  changes. 

Key  words:  glass  structure,  point  defects,  spectroscopic  properties. 


1  INTRODUCTION 

Point  defects  in  glasses  are  atomic  size  local  absences  (deviations)  of  short  range  order 
(intrinsic  defects)  and  the  presence  of  the  isolated  impurity  atoms  or  ions  (impurity  defects) 
in  the  glass  network.  When  both  mentioned  types  of  point  defects  exist  in  the  glass  network 
they  could  under  external  influence  interact  with  each  other  and  create  new  type  of  point 
defects,  the  so  called  intrinsic-impurity  defects.  As  in  the  real  glasses  there  always  exist  at 
least  the  equilibrium,  but  mainly  frozen  in  intrinsic  defects  in  high  enough  concentrations, 
therefore  usually  all  technological  impurities  could  create  intrinsic-impurity  type  defects. 
These  defects  are  characteristic  for  the  glassy  state  of  solid  materials,  because  intrinsic 
defects  are  chemically  active  sites  in  the  network  and  in  the  glass  preparation  process  they 
with  large  probability  react  with  technological  impurities. 

In  glasses  intrinsic  defects  play  much  more  important  role  than  in  crystals  of  the  same 
chemical  composition,  because  in  the  glassy  state  there  exists  different  type  of  elementary 
intrinsic  defects  than  in  the  crystalline  state  and  the  frozen  in  concentrations  of  ‘glassy  state’ 
defects  are  much  higher  than  frozen  in  concentrations  of  ‘crystalline  state’  defects.  This 
happens,  because  the  ‘glassy  state’  elementary  intrinsic  defects,  e.g.,  the  ends  of  broken 
chemical  bond,  do  have  strong  chemical  interaction  with  glass  network,  but  ‘crystalline 
state’  elementary  intrinsic  defects,  e.g.,  the  interstitial  atoms  or  ions  have  much  smaller 
interaction  with  the  surroundings  atoms.  It  leads  to  the  situation  that  intrinsic  defect  creation 
energy  in  glass  is  smaller  than  in  crystal,  but  intrinsic  defect  diffusion  energy  in  glass  is 
much  higher  than  in  crystal  with  the  same  chemical  composition.  As  a  result  in  glassy  state 
it  is  easier  to  generate  elementary  intrinsic  defects  in  high  concentrations,  but  below  glass 
transition  temperature  they  are  not  able  to  recombine  and  remain  frozen  in  intrinsic  defects. 

To  investigate  defects  in  glasses  it  is  necessary  to  find  out  precisely  which  spectroscopic 
or  other  properties  of  the  material  are  determined  by  definite  point  defects.  This  problem 
is  common  for  point  defects  investigations  in  any  solid  state  material.  Among  optical  glasses 
the  most  investigated  material  is  fused  silica,  in  which  as  the  result  of  long-term  experimental 
work  the  spectroscopic  properties  of  elementary  intrinsic  defects,  some  of  its  aggregates 
and  main  impurity  defects  are  determined.  Therefore  later  in  this  review  the  fused  silica 
will  be  used  as  an  example  to  approve  one  or  another  common  suggestion. 
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2  STRUCTURE  OF  IDEAL  GLASS 

In  order  to  find  out  point  defects  in  any  of  glasses  it  is  necessary  to  define  the  ideal  structure 
of  glass.  Usually  this  structure  is  defined  as  solid  network,  in  which  each  atom  has  the  same 
short  range  order  (the  same  type  of  geometry  of  surrounding  atoms).  In  the  ideal  fused 
silica  (Si02)  glass  network  each  silicon  atom  is  tetrahedraly  surrounded  by  four  oxygen 
atoms  and  each  oxygen  atom  is  surrounded  by  two  silicon  atoms.  Such  structure  is 
determined  by  direct  methods:  x-ray  or  neutron  difraction.  The  main  part  (more  than  99%) 
of  each  glass  usually  consists  of  ideal  structure.  The  chemical  composition  of  glass  together 
with  its  ideal  part  of  structure  determines  the  so  called  fundamental  physical  properties  of 
each  concrete  glass.  For  optical  glasses  the  main  practical  role  plays  fundamental  ultraviolet 
(electronic)  and  infrared  (vibronic)  absorption,  as  well  as  the  transparency  region  between 
the  absorptions. 

Usually  the  short  range  order  of  atoms  in  ideal  glass  is  similar,  but  not  equal  to  the  short 
range  order  of  the  relevant  atoms  in  crystals  of  the  same  chemical  composition.  To  obtain 
disordered  material  (glass)  absolute  similarity  of  short  range  order  is  not  possible.  The 
deviations  are  mainly  placed  in  the  geometry  of  surrounding  atoms  around  the  atom  with 
the  smallest  coordination  number.  These  deviations  cause  also  slight  differences  of 
fundamental  physical  properties  between  glass  and  crystal  with  the  same  chemical 
composition. 


3  THERMALLY  INDUCED  DEFECTS 

The  ideal  glass  does  not  exist  (as  well  as  the  ideal  crystal),  because  as  the  result  of  thermal 
influence  in  this  structure  there  always  exists  equilibrium  or  frozen  in  imperfections  (intrinsic 
defects).  Usually  in  the  optical  glasses  definite  concentrations  of  high  temperature  (glass 
preparation  conditions)  intrinsic  defects  are  frozen  in.  The  glass  transition  temperature  is 
the  reference  point  below  which  the  frozen  in  intrinsic  defects  appear.  In  fact  each  glass  in 
ordinary  conditions  (room  temperature)  has  the  frozen  in  intrinsic  defect  concentrations 
which  reflect  the  thermal  equilibrium  defect  concentrations  at  glass  transition  temperature. 
Above  transition  temperature  different  defect  generation,  interaction  and  recombination 
reactions  take  place  and  elementary  intrinsic  defects  and  their  aggregates  appear  in  the 
glass  network.  It  is  important  to  estimate  the  types  of  concentrations  of  these  high  temperature 
intrinsic  defects  in  glasses,  because  afterwards  they  are  frozen  in. 

Our  efforts  used  to  estimate  the  concentrations  of  frozen  in  thermal  defects  in  fused 
silica  show,  that  in  the  stoichiometric  glass  the  main  defects  are  non-bridging  oxygen  atoms 
and  three-fold-coordinated  silicon  atoms.  Deviations  from  stoichiometry  lead  to  the  increase 
of  two-fold-coordinated  silicon  atoms  (oxygen  deficit)  or  increase  of  non-bridging  oxygen 
atoms  (oxygen  excess).  These  defects  play  an  important  role  in  the  optical  waveguides 
made  from  fused  silica  because  the  high  cooling  rate  in  preparation  increases  the  glass 
transition  temperature  for  fused  silica  in  waveguides. 


4  SPECTROSCOPIC  PROPERTIES  OF  DEFECTS 

The  existence  of  point  defects  in  glass  usually  appears  as  changes  of  the  material 
spectroscopic  properties  in  the  transparency  regions.  It  is  very  hard  to  find  out  the  defects 
in  glasses  from  changes  of  spectroscopic  properties  in  the  fundamental  physical  property 
regions,  because  the  defect  concentrations  are  at  least  three  orders  of  magnitude  less  than 
the  concentrations  of  ideal  network  atoms  which  determine  the  fundamental  physical 
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properties  of  the  glass.  Therefore  we  can  conclude  that,  if  the  spectroscopic  characteristics 
of  several  types  of  point  defects  coincide  with  the  glass  fundamental  spectroscopic 
properties,  the  presence  of  such  defects  cannot  appear  as  an  essential  physical  property 
change  of  the  glass.  In  fused  silica  to  this  type  of  point  defects  belong  oxygen  vacancies, 
peroxy  bridges  and  chlorine  atoms  chemically  bonded  to  the  three-fold-coordinated  silicon 
atoms. 

From  the  practical  viewpoint  the  most  important  are  point  defects  which  are  changing 
the  spectroscopic  properties  of  the  glass  in  the  transparency  regions.  Usually  it  is  necessary 
to  reduce  the  concentration  of  such  type  defects,  but  sometimes  they  could  be  used  as 
activators.  In  fused  silica  to  this  type  of  point  defects  belong  non-bridging  oxygen  atoms, 
three-fold-coordinated  silicon  atoms,  two-fold-coordinated  silicon  atoms  and  hydrogen 
atoms  chemically  bonded  to  the  non-bridging  oxygen  atoms. 

It  is  necessary  to  remind  that  there  are  almost  different  intrinsic  defects  in  the  glass  and 
crystal  with  the  same  chemical  composition.  It  is  reflected  also  in  the  differencies  of  the 
material  spectroscopic  properties  caused  by  the  presence  of  point  defects.  For  example,  the 
point  defect  related  spectroscopic  properties  in  fused  silica  are  almost  different  from  those 
in  crystalline  quartz. 


5  DEFECT  GENERATION,  INTERACTION  AND  RECOMBINATION 

When  the  spectroscopic  characteristics  of  point  defects  are  determined,  it  is  possible  to 
investigate  the  defect  generation,  interaction  and  recombination  reactions  in  the  glass 
network  resulting  from  the  external  influence  by  the  detection  of  changes  in  glass 
spectroscopic  properties.  Thus  in  the  fused  silica  it  is  found  out,  that  radiation  created 
exciton  decay  leads  to  the  generation  of  elementary  intrinsic  defects  with  small  probability. 
Much  easier  is  to  create  non-bridging  oxygen  atoms  from  hydroxyl  bonded  to  the  glass 
network  by  breaking  off  0-H  chemical  bond  under  vacuum-ultraviolet  light  irradiation. 
Isolated  hydrogen  atoms  are  also  generated  in  this  process.  These  impurity  defects  (hydrogen 
atoms)  are  stable  in  the  fused  silica  glass  network  only  at  temperatures  below  100  K.  The 
small  activation  energy  for  diffusion  of  hydrogen  atoms  allows  them  to  move  in  the  glass 
network  at  higher  temperatures  than  100  K  and  recombine  with  non-bridging  oxygen  atoms. 
Such  recombination  reactions  restore  the  intrinsic-impurity  type  hydroxyl  point  defects  in 
the  fused  silica  glass  network. 

Very  high  intensity  light  irradiation  leads  to  the  glass  density  changes.  It  could  be  caused 
by  intrinsic  defect  generation  and  interaction  reactions.  In  fused  silica,  where  defect 
interactions  reduce  the  free  volume  in  the  glass  network,  the  material  density  increases, 
but  in  sodium  silicate  glasses,  where  charged  defects  are  created,  the  material  density 
decreases  (materials  expand).  Such  density  changes  are  connected  with  the  changes  of  other 
glass  main  physical  properties,  for  example,  light  refraction  index. 


6  PRACTICAL  USE  OF  DEFECTS 

The  presence  of  point  defects  in  glasses  is  widely  used  to  solve  practical  tasks.  Mainly  all 
glass-based  lasers  act  on  electronic  transitions  between  impurity  defect  (activator)  levels. 
In  similar  way  impurity  and  sometimes  intrinsic  defects  are  used  in  glass  luminofors, 
scintilators,  optical  filters  and  other  devices.  Large  popularity  has  obtained  the  refractive 
grating  writing  possibilities  in  the  glass  waveguides.  This  process  is  connected  with  the 
charge  state  and  geometrical  structure  changes  of  the  existing  point  defects  caused  by  the 
light  influence. 
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In  the  photo-  and  electrochromic  glasses  point  defect  generation  and  recombination 
reactions,  caused  by  light  or  electric  field  influence,  also  plays  an  essential  role  in  the 
practical  use  of  these  materials.  As  the  glass  chemical  composition  variation  possibilities 
are  infinite,  there  are  great  chances  to  choose  appropriate  glass  to  solve  the  pointed  out 
practical  problem. 


7  CONCLUSIONS 

1 .  Thermally  induced  point  defects  play  much  more  important  role  in  the  glassy  state  than 
in  the  crystalline  state  of  the  material  with  the  same  chemical  composition. 

2.  Impurities  in  glasses  mainly  exist  as  intrinsic-impurity  defect  complexes,  where  impurity 
atom  is  chemically  bonded  to  one  of  the  intrinsic  defect  atoms. 

3.  Defect  generation,  interaction  and  recombination  reactions  in  the  glass  network  change 
the  spectroscopic  and  sometimes  basic  physical  properties  of  the  material. 

This  work  is  funded  by  the  Latvian  Council  of  Science,  Grant  #  93.656. 
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OPTICAL  PROPERTIES  OF  OXIDE  GLASSES  DOPED 
BY  SEMICONDUCTOR  NANOCRYSTALS 

A.  I.  EKIMOV 

A.  F.  lojfe  Physical-Technical  Institute,  194021  St  Petersburg,  Russia 

Process  of  diffusion  controlled  phase  decomposition  of  oversaturated  solid  solution,  which  makes  it  possible  to 
grow  semiconductor  nanocrystals  in  a  glass  matrix  and  to  vary  the  size  of  them  in  a  controlled  manner,  is 
reviewed.  It  is  demonstrated  that  optical  properties  of  semiconductor-doped  glasses  are  governed  by  quantum 
confinement  of  electronic  and  vibronic  excitations  in  the  nanocrystals.  Manifestations  of  the  quantum  size  effect 
in  absorption,  luminescence  and  Raman  scattering  spectra  of  these  composite  materials  are  regarded. 

Key  words:  semiconductor,  glass,  exciton,  quantum  size  effect,  Raman  scattering. 

At  the  beginning  of  80’ s  it  was  understood  that  optical  properties  of  semiconductor-doped 
glasses  are  determined  by  very  special  kind  of  defects — ^by  nanometre  scale  size 
semiconductor  particles  embedded  in  a  host  matrix  of  glass.  It  was  found  that 
semiconductor  nanociystal  embedded  in  a  wide  gap  matrix  of  oxide  glass  represents  a 
three  dimensionally  confined  quantum  well  for  electronic  excitations  (electrons,  holes, 
excitons).  Therefore,  the  energy  spectrum  of  the  excitations  is  governed  by  quantum  size 
effect  and  depends  strongly  on  the  size  of  the  particles. 

Since  that  time  the  semiconductor-doped  glasses  have  been  a  subject  of  veiy  intensive 
investigations.  It  was  demonstrated  that  due  to  the  quantum  confinement  effect  these 
composite  materials  demonstrate  novel  linear,  non-linear  and  electro-optical  properties,  not 
available  in  bulk  materials  (for  recent  review  see  Recent  advances  in  technology  of 
these  composite  materials  show  that  semiconductor-doped  waveguides  can  be  fabricated 
with  the  use  of  high-frequency  sputtering  and/or  ion  implantation  techniques.  Progress  in 
the  both  fundamental  and  technological  aspects  makes  semiconductor-doped  glasses  an 
attractive  material  for  practical  applications  in  the  fields  of  optoelectronics,  integrated 
optics,  all-optical  switching  devices  and  so  on. 

This  paper  is  aimed  at  reviewing  of  state  of  art  and  recent  advances  in  technology  and 
physics  of  semiconductor-doped  glass  materials. 


1  THERMODYNAMICS  OF  SEMICONDUCTOR  NANOCRYSTALS  GROWTH 

Growth  of  semiconductor  particles  in  solid  state  matrices  is  based  on  the  process  of 
diffusion  controlled  phase  decomposition  of  oversaturated  solid  solution.  Three  methods 
of  creation  of  the  oversaturated  solution  of  semiconductor  phase  in  a  solid  state  matrix  are 
used  now:  co-melting  of  glass  and  semiconductor  at  high  temperature,  high-frequency 
co-sputtering  of  glass  and  semiconductor  and  method  of  implantation  of  semiconductor 
phase  ions  into  the  glass  matrix. 

The  growth  of  the  particles  is  performed  in  a  course  of  the  phase  decomposition  process 
at  annealing  of  samples  at  temperature  sufficiently  high  to  obey  effective  diffusion  of 
semiconductor  ions  in  a  matrix.  It  is  well  known^  that  this  process  can  be  divided  onto 
three  stages:  nucleation,  stage  of  growth  at  the  expense  of  solved  matter  and  stage  of 
recondensational  growth.  In  a  course  of  the  first  stage  the  nuclei  appear  but  do  not  grow  in 
size.  The  dependence  of  critical  radius  of  the  nuclei  on  temperature  of  annealing  can  be 
described  by  the  following  expression:^ 
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FIGURE  1  Dependence  of  mean  radius  of  CdS  nanocrystals  as  a  function  of  annealing  duration  at  various 
temperatures.  Solid  lines  show  slope  of  the  dependencies  for  different  stages  of  phase  decomposition  process 
(see  text). 


acr  =  2aTov/(5H(To  -  T)  (1) 

where:  a  is  a  coefficient  related  to  interfacial  surface  tension,  T  is  an  annealing 
temperature,  To  is  a  temperature  of  equilibrium  solution,  v  is  a  mean  specific  volume  of  the 
particles  and  AH  is  a  mean  specific  entalphy. 
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FIGURE  2  (a)  -  Dependence  of  critical  radius  of  CdS  nucleation  in  multicomponent  glass  matrices  (1)  and  Si02 
thin  films  (2.3)  on  annealing  temperature;  (b)  and  (c)  -  size  distribution  functions  of  nanocrystals  grown  in  Si02 
film  at  nucleation  -(b)  and  second  -(c)  stages  of  phase  decomposition  process  (size  distributions  are  normalised  to 
mean  radius). 


The  nucleation  process  is  accompanied  by  decreasing  of  the  solution  oversaturation  and 
this  initiates  the  second  stage  of  the  growth  process.  Kinetics  of  the  particles  growth  at  the 
expense  of  solved  matter  can  be  described  by  the  following  expression:^ 


opt.  density 
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FIGURE  3  (a)  -  how  temperature  (4.2  K)  absoiption  spectra  of  CuCl  nanocrystals  with  different  mean  radius: 

a  —  310  A-(l,)  a  =  29  A-(2),  a  =  20  A-(3);  (b)  -  comparison  of  experimental  size  dependence  of  spectral 
position  of  excitonic  lines  (shown  by  points)  with  theoretical  dependencies. 


lum.  inlensitvj 
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FIGURE  4  Low  temperatxire  (4.2  K)  absorption  spectra  and  luminescence  spectra  obtained  under  pulsed  laser 
excitation  of  CdSe  nanocrystals  with  mean  radius  a  =  250  A  -  (1),  38  A  -  (2),  26  A  -  (3)  and  21  A  -  (4). 


opt , density 
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nGURE  5  (a)  -  Absorption  spectrum  of  CdSe  nanocrystals  with  a  =  26  A.  Vertical  bars  show  calculated 
energies  and  relative  intensities  of  electron-hole  transitions  (the  assignment  of  the  transitions  is  the  same  as  in 
(b)  -  PLE  spectra  at  various  energies  of  luminescence  registration  obtained  for  the  sample. 
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FIGURE  6  Size  dependence  of  energy  of  optical  transitions  between  electron  and  hole  quantum  levels  in  CdSe 
nanocrystals.  Filled  marks  show  energies  obtained  from  second  derivative  of  absorption  spectra  for  samples  with 
mean  radius  a  =  38,  26,  21  and  19  A;  empty  marks  show  the  energies  obtained  from  PLE  spectra.  Theoretical 
dependencies^^  are  shown  by  solid  lines  for  transitions  with  significant  strength  and  by  thin  lines  for  transitions 
with  the  strength  drastically  increasing  or  decreasing  within  of  interval  of  investigated  sizes.  Dot  line  show  the 
dependence  for  high  energy  transition  not  calculated  in.^^ 


a=(2(co-Ce)/(cp-Ce))'/'-(Dr)‘/^  (2) 

where:  a  is  a  mean  radius  of  the  particles,  r  is  a  duration  of  annealing  process,  Cq  is  initial 
concentration  of  semiconductor  phase,  Ce  is  equilibrium  concentration  and 
D  =  Doexp(AE/kT)  is  the  diffusion  coefficient. 

The  following  expression  for  the  kinetics  of  the  particles  growth  at  recondensation 
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FIGURE  7  Raman  scattering  spectra  from  CdSe  nanocrystals  of  various  size  at  room  temperature.  Frequencies 
of  LO  phonons  averaged  over  Stokes  and  anti-Stokes  components  are  shown. 


Stage  of  phase  decomposition  process  was  obtained  by  Lifshits  and  Slesov:^ 

a=(4a/9)'/^-(DT)’/^  (3) 

Experimental  dependence  of  mean  radius  of  the  particles  as  a  function  of  duration  of 
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annealing  at  various  temperatures  are  shown  in  Figure  1  for  the  case  of  CdS -doped 
multicomponent  oxide  glass.  The  mean  radius  of  the  particles  was  measured  by  small 
angle  X-ray  scattering,^  The  three  stages  of  diffusion  controlled  phase  decomposition 
process  are  seen  in  the  figure.  Plateau  at  the  beginning  of  the  process  correspond  to  the 
nuclcadon  stage.  One  can  see  that  critical  radius  of  nuclei  increases  with  increasing  of 
aU/iealing  temperature.  The  nucleation  stage  is  followed  by  growth  of  the  particles  at  the 
expense  of  solved  matter.  It  is  seen  from  the  figure  that  growth  of  the  particles  follow  to 
the  square  root  dependence  of  the  mean  radius  on  duration  of  annealing.  The 
recondensation  stage  which  is  characterised  by  cubic  root  dependence  of  mean  size  on 
the  annealing  duration  can  be  seen  in  the  figure  at  highest  temperatures  of  annealing. 

These  data  show  that  the  growth  of  the  particles  in  a  course  of  diffusion  controlled 
phase  decomposition  of  oversaturated  solid  solution  makes  it  possible  to  vary  their  size  in 
a  controlled  manner  starting  from  a  few  manometers  by  choosing  of  temperature  or/and 
duration  of  heat  treatment.  Each  stages  of  the  phase  decomposition  process  is  characterised 
by  own  kinetics  of  particles  growth  and  by  own  size  distribution  function  of  them. 
Therefore  it  is  interesting  to  know  which  stage  of  phase  decomposition  process  is 
characterised  by  narrowest  size  distribution  function  of  the  particles.  As  it  was  shown 
theoretically^  and  experimentally,^  growth  of  particles  at  recondensation  stage  is 
characterised  by  steady-state  size  distribution  function  with  a  half  width  about  30%  of 
mean  radius  of  the  particles. 

Detailed  studies  of  nanocrystals  growth  at  first  and  second  stages  of  phase 
decomposition  process  have  been  performed  recently  for  the  case  of  CdS-doped  SiOa 
thin  films  deposited  on  quartz  or/and  silicon  substrates  with  the  use  of  high  frequency  co¬ 
sputtering  technique.^  Experimental  dependencies  of  critical  radius  of  nuclei  on  annealing 
temperature  are  shown  in  Figure  2a  for  multicomponent  oxide  glass  sample  with 
concentration  of  semiconductor  phase  0.1%  and  for  samples  with  concentration  1%  and 
8%  in  Si02  matrix.  Solid  lines  are  plotted  in  accordance  with  equation  (1).  One  can  see 
that  even  at  nucleation  stage  of  phase  decomposition  process  it  is  possible  to  vary  the  mean 
size  of  nanocrystals  in  a  controlled  manner  by  choosing  of  annealing  temperature. 

The  comparison  of  size  distribution  functions  of  CdS  nanocrystals  grown  in  Si02  film, 
measured  by  HRTEM  method  for  the  particles  grown  at  first  and  second  stages  of  phase 
decomposition  process  is  shown  in  Figure  2b,  c.  Half  width  of  the  size  distribution 
function  obtained  for  the  second  stage  (Figure  2c)  is  about  30%  of  a  mean  radius  and  it  is 
similar  to  the  one  at  recondensation  stage.  At  the  same  time,  the  half  width  of  size 
distribution  function  for  particles  grown  at  nucleation  stage  is  significantly  narrower.  This 
shows  that  the  nucleation  stage  of  diffusion  controlled  phase  decomposition  process  is 
more  preferable  from  viewpoint  of  the  width  of  size  distribution  function. 


2  ENERGY  SPECTRUM  OF  ELECTRONIC  EXCITATIONS 

The  energy  spectrum  of  electronic  excitations  in  semiconductor  nanocrystal  is  determined 
by  the  quantum  size  effect  as  well  as  by  Coulomb  interaction  of  electron  and  hole  in  the 
nanocrystal.  Both  the  energies  depend  on  the  size  of  nanocrystals.  Therefore,  two  different 
situations,  depending  on  relationship  of  nanocrystal  radius  a  and  bulk  exciton  Bohr  radius 
Rex,  should  be  regarded:  so  called  ‘weak’  confinement  regime,  when  a  ^  Rex,  and  regime 
of  ‘strong’  confinement  when  a  Rex- 

An  example  of  size  dependence  of  low  temperature  absorption  spectra  (T  =  4.2  K)  for 
the  ‘weak’  confinement  regime  is  shown  in  Figure  3  for  the  CuCl  nanocrystals  (bulk 
exciton  Bohr  radius  is  about  7  A).  The  nanocrystals  were  grown  in  a  matrices  of 
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multicomponent  oxide  glass  in  a  course  of  phase  decomposition  process 7  As  it  is  seen 
from  Figure  3a,  the  absorption  spectra  are  of  excitonic  nature  down,  to  the  smallest 
investigated  sizes  a  ~  15  A.  The  decrease  of  nanocrystal  size  is  accompanied  by  a  blue 
shift  of  both  excitonic  lines  due  to  quantum  confinement  of  exciton  as  a  whole.  For  the 
exciton  originating  from  the  upper,  non  degenerate  valence  subband  (Z3  line)  the  size 
dependence  of  the  exciton  line  spectral  position  can  be  described  by  the  following 
expression: 


hwz,  =  Eg  -  Eex  +  0.67hV/2Msa^  (5) 

were:  Eg,  Eex  and  Ms  are  forbidden  gap  width,  exciton  binding  energy  and  exciton 
translation  mass  in  bulk  CuCL  Numerical  coefficient  takes  into  account  shift  of  optical 
lines  due  to  Lifhitz-Slesov  size  distribution  function.^  Taking  into  account  the  influence  of 
the  size  distribution  function  on  determination  of  mean  radius  of  nanocrystals  from  low 
angle  X-ray  scattering  data,^^  the  experimental  slope  of  size  dependence  of  Z3  line  spectral 
position  can  be  described  with  the  use  of  well  known  bulk  value  of  Z3  exciton  mass 
Ms  =  (2.3+/-0.2)mo,  were  nio  is  free  electron  mass.  These  shows  that  energy  spectrum  of 
confined  exciton  can  be  described  in  frame  of  effective  mass  approximation  with  the  use  of 
simple  model  of  quasiparticle  with  nondegenerate  parabolic  band  down  to  smallest 
investigated  sizes  of  the  nanocrystals.  Size  dependence  of  Zn  exciton  spectral  position  can 
be  described  also  in  frame  of  effective  mass  approximation  with  taking  into  account  of  real 
structure  of  the  spin-orbit  splitted  subband.^ 

CdSe,  for  which  bulk  exciton  Bohr  radius  is  R^x  =  56  A,  is  a  good  example  of  a 
‘strong’  confinement  regime.  Low  temperature  absorption  spectra  and  luminescence 
spectra  at  pulsed  laser  excitation  of  CdSe-doped  glass  samples  with  various  mean  radius  of 
the  nanocrystals  are  shown  in  Figure  4.  It  is  seen  that  the  decrease  of  nanocrystals  size 
leads  to  significant  blue  shift  of  the  both  absorption  edge  and  interband  luminescence.  The 
decrease  of  nanocrystal  size  leads  also  to  appearance  of  a  smoothed  structure  in  the 
absorption  spectra,  which  originates  from  optical  transitions  between  quantum  levels  of 
electron  in  conduction  band  and  hole  in  valence  band  (see  inset  in  the  figure).  Theory  of 
electron-hole  pairs  energy  spectrum  quantization  in  ‘strong’  confinement  regime,  which 
takes  into  account  a  nonparabolicity  of  electronic  band  and  real  structure  of  valence  band 
in  CdSe,  has  been  developed  in^^’^^  to  describe  the  experimental  results.  Figure  5a  shows 
absorption  spectrum  of  CdSe-doped  glass  sample  with  mean  radius  of  nanocrystals  a  =  26 
A,  Energies  and  relative  intensities  of  optical  transitions  between  quantum  levels  of 
electron  and  hole  calculated  for  the  sample,  are  shown  in  Figure  5a  by  vertical  bars. 
Notation  of  the  transitions  is  the  same  as  in.^^ 

The  structure  of  electron-hole  optical  transitions  is  smoothed  in  the  absorption  spectra 
by  inhomogeneous  broadening  coursed  by  size  distribution  of  the  nanociystals.  Methods 
of  size  selective  spectroscopy  makes  it  possible  to  reveal  this  structure.  Figure  5b  shows 
set  of  Photoluminescence  Excitation  (PLE)  spectra  obtained  for  the  same  sample  at  various 
energies  of  luminescence  registration.  It  is  seen  that  the  PLE  spectra  demonstrate  well 
resolved  structure  of  electron-hole  optical  transitions  at  registration  of  the  luminescence 
from  within  of  inhomogeneously  broadened  near  band-gap  luminescence.  More  of  this,  a 
spectral  shift  of  the  luminescence  registration  leads  to  the  spectral  shift  of  the  PLE 
structure.  This  shows  that  PLE  technique  makes  it  possible  to  investigate  size  dependence 
of  energies  of  the  optical  transitions  from  within  of  size  distribution  function  of  each 
sample.  Figure  6  summarise  the  size  dependence  of  energies  of  electron-hole  optical 
transitions  in  CdSe  nanocrystals.  Filled  marks  show  energies  of  the  transitions  obtained 
from  second  derivative  of  absorption  spectra  for  the  samples  with  various  mean  radius  of 
the  nanocrystals,  empty  marks  show  the  energies  obtained  from  PLE  spectra  for  the  same 
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samples.  As  it  was  shown  in,^^  relative  intensities  of  the  transitions  depend  strongly  on 
nanocrystal  size.  Thick  solid  lines  show  theoretical  dependencies  for  transitions  with 
significant  oscillator  strength  within  of  interval  of  investigated  sizes.  Thin  lines  show  the 
dependencies  for  transitions  with  oscillator  strength  drastically  depending  on  size.  The 
theoretical  dependencies  were  obtained  at  the  following  set  of  energy-band  parameters:'^ 
Eg  -=  1,84  eV,  Aso  =  0.42  eV,  71  =  2,1,  7  =  0.55,  Ep  =  17.5  eV  and  f  =  -0,42.  As  it  is 
seen  from  Figure  6,  a  good  agreement  of  the  theoretical  dependencies  with  experimental 
data  can  be  achieved  in  frame  of  effective  mass  approximation  for  ‘strong’  confinement 
regime  also,  if  real  band  structure  of  semiconductor  material  is  taken  into  account. 


3  ENERGY  SPECTRUM  OF  VIBRONIC  EXCITATIONS 

The  progress  in  the  studies  of  electronic  excitation  spectra  has  opened  the  door  for 
investigation  of  energy  spectrum  of  phonons  in  semiconductor  quantum  dot  structures. 
Figure  7  shows  spectra  of  resonant  Raman  scattering  obtained  at  T  =  300  K  from  CdSe- 
doped  glass  samples  with  different  mean  radius  of  the  nanocrystals.  The  spectra  were 
measured  at  excitation  by  different  lines  of  Ar  and  Kr-ion  lasers  in  the  vicinity  of 
absorption  tail  for  each  sample.  The  frequencies  of  LO  Raman  lines  obtained  from  the 
averaging  over  Stokes  and  anti-Stokes  components  are  shown  in  the  figure  for  each 
sample.  It  is  seen  that  the  decreasing  of  the  nanocrystal  size  leads  to  decreasing  of  LO 
phonon  frequency  in  accordance  to  negative  dispersion  of  LO  phonon  in  CdSe.  One  can 
see  also  that  decreasing  of  nanocrystal  size  is  accompanied  by  significant  increasing  of 
scattering  intensity  in  a  low-frequency  region.  This  effect  is  due  to  the  increasing  of 
strength  of  electron-hole  pairs  coupling  with  acoustic  modes  of  the  nanocrystals  at  the 
decreasing  of  their  size.  One  can  see  also  that  decreasing  of  nanocrystal  size  leads  to 
significant  increasing  of  acoustic  modes  frequencies  in  accordance  to  positive  dispersion  of 
acoustic  phonons.  These  data  show  that  energy  spectra  of  acoustic  and  optical  phonons  in 
the  nanocrystals  are  quantized.  Size  dependence  of  frequencies  of  the  phonons  can  be 
described  in  frame  of  a  model  of  size  quantization  of  phonon  energy  spectrum  in 
semiconductor  quantum  dot  structures. 


4  CONCLUSION 

The  results  reviewed  show  that  developed  technologies  make  it  possible  to  grow 
nanocrystals  of  various  semiconductor  compounds  in  bulk  and  thin  film  matrices  of  wide 
gap  materials.  These  techniques  permit  to  vary  in  a  controlled  manner  mean  size  of 
nanociystals  and  their  concentration  in  a  matrices.  Energy  spectra  of  electronic  and 
vibronic  excitations  in  the  semiconductor  quantum  dot  structures  are  governed  by 
fundamental  quantum  size  effect.  Therefore,  optical  properties  of  these  composite 
materials  can  be  varied  by  controllable  variation  of  size  of  nanocrystals  in  a  course  of  their 
growth.  This  makes  them  promising  for  various  practical  applications  in  the  fields  of 
optoelectronics  and  integrated  optics. 
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SCINTILLATORS  AND  APPLICATIONS: 
CERIUM-DOPED  MATERIALS 

M.  J.  WEBER,  M.  BLISS,  R.  A.  CRAIG,  and  D.  S.  SUNBERG 

Pacific  Northwest  Laboratory,  Richland,  WA  99352  USA 

Scintillator  materials  are  widely  used  for  the  detection  of  ionizing  radiation  in  a  variety  of  applications  including 
high  energy  and  nuclear  physics,  astrophysics,  geophysical  exploration,  medical  imaging,  security  inspection,  and 
industry.  Research  involving  the  use  of  photoluminescence,  radioluminescence,  thermoluminescence,  and 
synchrotron  radiation  is  underway  to  further  our  fundamental  understanding  of  the  factors  affecting  scintillator 
performance  and  to  discover  improved  materials.  The  importance  of  defects  and  their  effects  on  energy  transfer 
and  overall  scintillation  efficiency  are  illustrated  by  considering  recent  results  for  cerium-activated  crystals  and 
glasses. 

Key  words:  scintillation,  efficiency,  cerium,  crystal,  glass,  thermoluminescence. 


1  INTRODUCTION 

Since  the  first  use  of  scintillator  materials  about  one  century  ago,  many  materials  have 
been  discovered  and  used  in  the  applications  noted  above.  Although  most  of  the  essential 
physics  of  the  scintillation  process  has  been  known  and  understood  for  several  decades,^ 
the  need  for  improved  materials  in  many  of  these  applications  has  created  a  renaissance  in 
research  and  development  of  scintillator  materials.  This  interest  and  activity  is  well 
documented  in  the  proceedings  of  two  recent  international  conferences  devoted  to 
scintillator  materials.^’^  These  review  the  requirements  for  scintillator  materials  in  various 
applications,  the  characterization  and  properties  of  scintillators,  and  the  status  of  our 
understanding  of  the  factors  affecting  scintillator  performance. 

Today  we  have  a  large  number  of  known  and  well-characterized  scintillator  materials 
including  crystals,  glasses,  plastics,  and  liquids.^  No  single  material  is  superior  for  all 
applications;  in  most  cases  improvements  in  one  or  more  properties  are  desirable.  A 
number  of  the  properties  that  one  must  keep  in  mind  in  selecting  a  material  for  a  specific 
application  are  given  in  Figure  1.  The  material  may  be  in  the  form  of  a  bulk  crystal  or 
glass,  fiber,  sheet,  or  liquid.  The  photodetector  to  be  used  will  depend  on  the  emission 
wavelength  and  light  yield.  The  decay  time  is  important  for  fast  timing  and  high  repetition 
rate  applications;  the  absence  of  afterglow  is  important  in  medical  imaging.  Stability 
includes  several  factors  that  must  be  known  or  controlled,  for  example,  environmental  or 
chemical  durability,  ruggedness  and  mechanical  shock  resistant,  and  variation  of  light 
output  with  temperature  and  time.  Radiation  damage  is  particularly  important  in  high 
radiation  environments  such  as  in  detectors  for  use  with  proposed  high  luminosity 
colliders.  Whereas  for  detecting  very  energetic  particles  light  yield  may  not  be  too 
important,  for  applications  where  the  particle  energy  is  smaller  and  fixed,  e.g.,  in  positron 
emission  tomography,  increased  light  yield  is  important  for  improving  spatial  resolution. 
Energy  resolution  is  also  dependent  on  light  yield.  The  price  of  raw  materials,  preparation 
of  the  scintillator  material,  and  fabrication  into  the  desired  size  and  shape  all  enter  into  the 
final  cost.  Cost  is  a  major  consideration  for  proposed  detectors  for  high  energy  physics 
experiments  which  may  incorporate  thousands  of  crystals  with  total  crystal  volumes 
measured  in  cubic  meters.  These  and  other  factors  not  included  in  Figure  1,  such  as  high 
density  for  good  stopping  power,  differ  in  their  relative  importance  in  selecting  materials 
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FIGURE  1  Properties  of  scintillator  materials  to  be  considered  when  selecting  materials  for  different 
applications. 


for  specific  applications.  Here  we  examine  briefly  the  question  of  improving  the 
scintillation  light  output.  Can  scintillators  be  made  more  efficient  and  what  are  the  factors 
limiting  efficiency? 

2  SCINTILLATION  PROCESS  AND  EFFICIENCY 

The  basic  processes  in  scintillation  may  be  divided  into  three  stages:^  (i)  the  absorption  of 
the  incident  radiation  or  particle  by  the  host  and  conversion  of  the  energy  into  thermalized 
electrons  and  holes,  (ii)  transfer  of  some  fraction  of  the  electron  and  hole  excitation  to 
luminescence  centers,  and  (iii)  the  luminescence  process.  The  quantum  efficiency  is  given 
by 


7?  =  /3*S.Q,  (1) 

where  /3  is  the  conversion  efficiency  for  creating  electron-hole  pairs,  S  is  the  transfer 
efficiency,  and  Q  is  the  radiative  efficiency  of  the  luminescence  centers.  Because  the 
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incident  energy  Ejn  of  a  particle  will  usually  be  very  much  bigger  than  the  band  gap  Eg  of 
the  material,  the  number  of  electron-hole  pairs  and  of  resultant  scintillation  photons  may 
be  very  large,  thus  yielding  huge  quantum  efficiencies.  In  terms  of  energy  efficiency, 
however,  the  performance  of  scintillators  is  less  impressive.  For  a  scintillation  photon  of 
energy  Eg,  this  efficiency  is  given  by 

7y(Es/Ein)  -  (Ein/aEg)  .  S  •  Q  .  (Es/Ein)  =  (Es/aEg)S  •  Q  (2) 

In  Eq.  (2)  it  is  assumed  that  it  takes  on  the  average  an  energy  a  times  the  band  gap  to 
create  a  thermalized  electron-hole  pair.  Various  treatments  of  polaron  and  plasmon  models 
and  electron-phonon  scattering  losses  show  that  a  is  typically  about  2-3  for  semiconductor 
and  insulator  materials  (see  Ref.  6  for  an  excellent  review  of  this  problem).  Thus  from 
Eq.  (2),  for  a  material  having  transfer  and  luminescence  efficiencies  of  unity  and  an 
emission  energy  approaching  that  of  the  band  gap,  the  energy  efficiency  should  be 
^  25%,  which  is  about  what  has  been  obtained  for  the  best  phosphors.  For  one  of  the  best 
scintillators,  Nal(Tl),  Es  is  equal  to  approximately  Eg/2  and  the  reported  efficiency  is  12%, 
therefore  S  and  Q  must  again  be  near  unity.  Therefore  scintillator  materials  already  exist 
with  near  maximum  achievable  efficiency  and  only  small  improvements  in  their  light  yield 
are  possible. 


3  CERIUM  SCINTILLATOR  MATERIALS 

Cerium-activated  scintillator  materials  have  been  known  and  used  for  several  decades'^  but 
have  received  renewed  interest  because  of  the  favorable  spectroscopic  properties  of  Ce^"^ 
and  the  ability  to  incorporate  Ce^^  into  many  different  host  materials.  Among  the 
attractive  properties  of  Ce^^  are  (1)  its  luminescence,  which  occurs  in  the  visible-near 
ultraviolet  region  and  is  well  matched  to  the  spectral  response  of  high  efficiency 
photodetectors,  (2)  the  emission  involves  an  allowed  transition  and  thus  is  fast  for  good 
time  resolution,  (3)  the  luminescence  intensity  and  decay  time  are  stable  and  insensitive  to 
temperature  for  many  hosts  at  room  temperatures,  (4)  there  are  no  long-lived  radioactive 
isotopes,  and  (5)  Ce  is  the  least  rare  of  the  rare  earths.  The  density,  dominant  decay  time, 
and  relative  light  output  of  a  number  of  Ce^"^  activated  materials  are  given  in  Table  L 
There  is  a  large  variation  in  Ce^'*'  scintillator  efficiencies,  ranging  from  values  approaching 
that  of  Nal(Tl)  for  Lu2Si05  to  values  orders  of  magnitude  smaller  for  some  glasses.  The 
materials  all  exhibit  intense  photoluminescence  (except  for  PbF2)  with  luminescence 
lifetimes  characteristic  of  radiative  decay,  thus  their  radiative  quantum  efficiencies  Q  are 
high.  The  conversion  efficiency  (3  is  not  expected  to  differ  greatly  for  crystals  and  glasses 
of  different  chemical  compositions.  Therefore  the  large  variation  in  Ce^"^  scintillation 
efficiency  is  due  to  differences  in  the  transfer  efficiency  S.  Electrons  and  holes  created  in 
the  conduction  and  valence  bands  may  combine  radiatively  or  nonradiatively,  be  trapped 
by  various  defects,  form  mobile  or  trapped  excitons,  or  migrate  to  the  vicinity  of  a  Ce^"*” 
ion  and  excite  it.  The  relative  probabilities  of  these  processes  enter  into  the  transfer 
efficiency  and  are  material  dependent. 

Recently,  excitation  spectra  recorded  with  synchrotron  radiation  have  been  used  to 
examine  the  relative  differences  in  light  output  resulting  from  direct  excitation  into  the  5d 
bands  of  Ce^"^  and  from  excitation  of  valence  band  and  core  electrons.  Large  differences  in 
excitation  spectra  associated  with  the  transfer  process  are  observed^  for  the  two  extreme 
cases  in  Table  I — crystalline  lutetium  orthosilicate  and  glasses. 
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Table  I 

Comparison  of  properties  of  cerium  scintillator  materials  (from  Refs.  2  and  5) 


Material 

Density 

(g/cm^) 

Decay  time 
(ns) 

Relative 
light  yield 

Reference 

Nal(Tl) 

3.67 

230 

100 

Crystals 

Lu2Si05(LS0) 

7.4 

-40 

75 

Gd2Si05(GS0) 

6.71 

30-60 

20-25 

LUPO4 

6.53 

24 

33 

YAIO3 

5.55 

30 

40 

CeFs 

6.16 

->5,30 

5-9 

CsGd2F7 

5.5 

40 

16 

PbF2 

8.24 

-0 

Glasses 
silicate  (GSl) 

2.5™2.7 

—  60 

7-9 

phosphate 

-2.6 

-30 

<  1 

fluoride  (HfF4) 

-6-7 

10,  30 

<  1 

3.1  Lutetium  Orthosilicate 

The  scintillation  efficiency  of  lutetium  orthosilicate  (LSO)  is  the  highest  reported  for  any 
Ce^+  activated  material  and  nearly  equal  to  that  of  Nal(Tl).  Since  Es  ^  l/(2Eg),  this 
efficiency  suggests  high  values  for  both  S  and  Q.  The  scintillation  output  of  LSO  has, 
however,  been  found  to  vary  significantly  with  growth  and  annealing  conditions. 
Measurements  of  light  output  for  a  number  of  different  samples  have  shown  a  convincing 
anti-correlation  between  integrated  thermoluminescence  output  and  scintillation  light 
output  over  a  range  of  several  orders  of  magnitude.^  Thus  defects  and  their  effect  on 
transfer  efficiency  can  account  for  the  large  variation  in  scintillation  found  for  different 
LSO  crystals.  The  existence  of  very  deep  traps  is  also  evident  from  the  report^  of 
phosphorescence  lasting  for  >2000  s. 

The  best  LSO  crystals  are  grown  in  an  atmosphere  containing  oxygen.  Annealing  the 
crystals  in  a  reducing  atmosphere  decreases  the  scintillation  light  output  whereas  annealing 
in  an  O2  atmosphere  increases  the  output  and  introduces  an  absorption  band  attributed  to 
Ce4+  8  xhermally-induced  luminescence  experiments  show  the  existence  of  five  peaks  in 
the  glow  curve  between  300  and  650  K.^  Although  the  origin  and  nature  of  defects 
associated  with  these  charge  traps  were  not  identified,  oxygen  vacancies  are  one 
possibility.  Lutetium  orthosilicate  has  a  complex  crystal  structure  with  two  inequivalent 
sites  for  Ce^"^  that  contribute  about  equally  to  the  scintillation  at  low  temperatures^^  and 
with  five  different  oxygen  sites.  The  substitution  of  Ce^"^  at  a  Lu^"^  site  involves  a  large 
mismatch  of  ionic  radii,  18  pm  (the  mismatch  for  Ce"^”^  is  only  1  pm).  Also,  whereas  the 
two  Ce  sites  in  Ce2Si05  have  8-  and  9-fold  oxygen  coordination,  the  two  Lu^'^  sites  in 
LSO  have  6-  and  7-fold  oxygen  coordination.  Thus  preparation  of  Ce-doped  LSO  in  an  O2 
atmosphere  provides  oxygen  to  satisfy  the  coordination  needs  of  Ce^"^,  reduces  the  number 
of  oxygen  vacancies,  and  changes  the  oxidation  state  of  some  ions  to 

3.2  Silicate  Glass 

The  best  cerium-activated  glasses  (silicates)  have  efficiencies  of  only  about  1/10  that  of 
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Nal(Tl)  and  LSO;  other  glasses  (phosphates,  heavy  metal  fluorides)  are  reported  to  have 
much  lower  efficiencies.^  This  is  not  surprising  given  that  glass  is  a  disordered  medium 
and  the  importance  of  defects  and  traps  in  reducing  the  transfer  efficiency.  Defects  in  glass 
are  defined  as  deviations  from  short-range  order  and  may  be  intrinsic  (for  example,  three- 
coordinated  Si,  oxygen  vacancies,  or  interstitial  oxygen  in  the  case  of  Si02),  broken  bonds, 
or  extrinsic  defects  such  as  impurities.  Many  different  thermally-induced  defects  are  also 
possible. 

Several  years  ago  Spowart,^^  in  an  investigation  of  Ce^'^-activated  Li-Mg-Al  silicate 
glasses,  reported  two  broad  peaks  in  thermoluminescence  curves,  one  below  and  one 
above  room  temperature.  The  scintillation  efficiency  and  thermoluminescence  glow  curves 
varied  with  glass  composition  but  no  detailed  study  was  made.  Recently  we  have  begun  a 
systematic  investigation  of  the  effects  of  composition  and  microstructure  on  the 
scintillation  efficiency  of  Ce-doped  silicate  glasses.  Table  11  shows  a  large  systematic 


Table  II 

Scintillation  efficiency  of  alkaline-earth  glasses  (2  ^s  integration  time).^^ 


Glass  composition  (mol.  %) 

Light  output  (%NaI) 

64.4SiO2-20Li2O-15MgO-0.6Ce2O3 

8.14 

64.4SiO2-20Li2O--15CaO~0.6Ce2O3 

6.22 

64.4SiO2-20Li2O-15SrO-0.6Ce2O3 

5.20 

64.4SiO2-20Li2O~15BaO-0.6Ce2O3 

3.18 

variation  in  scintilllation  efficiency  found  by  varying  the  alkaline  earth  component  in 
otherwise  identical  glasses.  Measurements  of  the  absorption  and  emission  spectra  and 
decay  curves  for  these  glasses  show  only  small  changes,  as  expected  for  such  small 
ompositional  changes.  That  the  change  in  scintillation  efficiency  is  related  to  defects  and 
their,  effect  on  the  transfer  efficiency  is  demonstrated  by  the  low-temperture 
thermoluminescence  curves  in  Figure  2  for  the  two  extreme  materials  in  Table  II.  The 
glow  curves  were  obtained  using  annealed  samples  of  a  uniform  size  of  5  x  5  x  1  mm, 
irradiating  them  with  325-nm  light  from  a  He-Cd  laser  while  the  samples  were  held  at  low 
temperatures,  and  then  heated  at  a  rate  of  0.9°C/s.  The  larger  integrated  intensity  and  more 
pronounced  high  temperature  peak  for  the  Ba  containing  glass  is  qualitatively  consistent 
with  its  reduced  scintillation  efficiency  in  Table  II. 

Although  the  principal  decay  of  Ce^“^  scintillation  from  the  silicate  glasses  in  Table  11  is 
~  50  ns  characteristic  of  radiative  5d-4f  transitions,  the  overall  decay  is  non-exponential 
with  a  long  tail  extending  to  tens  of  /is.  Measurements  of  a  Li-Mg-Al  silicate  glass  (GSl) 
by  Angelini  et  alP  were  fitted  with  decay  components  having  characteristic  times 
approaching  1  ms.  This  indicated  that  much  of  the  excitation  in  glass  was  stored  in  deep 
traps.  They  also  showed  that  only  about  one-half  of  the  light  was  emitting  in  the  first 
microsecond  following  excitation.  Thus  when  comparing  the  scintillation  light  output  of 
materials,  it  is  important  to  note  the  integration  time  used. 

The  small  scintillation  efficiency  of  Ce^"^  glasses  is  due  to  the  large  number  of  defects 
that  trap  electrons  and  holes  and  prevent  or  delay  the  excitation  of  the  activator.  The 
number  and  type  of  traps  vary  with  the  glass  composition  and  structure  and  the  thermal 
treatment.  The  lower  efficiency  of  fluoride  glasses  is  probably  associated  with  the  more 
ionic,  weaker  bonding  in  these  glasses.  For  silicate  glasses  we  have  observed  an  increase  in 
light  following  annealing  in  air.  Measurements  of  the  Ce^"^  Lni  x-ray  absorption  near  edge 
structure  (XANES)  of  annealed  samples^"^  reveal  the  presence  of  Ce^"^,  an  effective 
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FIGURE  2  Thermoluminescence  glow  curves  for  Mg-containing  and  Ba-containing  Ce^^ -doped  silicate  glasses 
in  Table  II. 


electron  trap.  Further  studies  of  the  scintillation  yield  and  thermoluminescence  of  glasses 
are  planned. 


4  CONCLUDING  COMMENTS 

Defects  play  a  dominant  role  in  determining  the  scintillation  efficiency  of  many  Ce^*^ 
activated  materials.  This  may  be  particularly  important  for  disordered  materials.  The 
overall  scintillation  process  can  best  be  investigated  and  understood  by  a  combination  of 
photoluminescence,  radioluminescence  and  thermo-luminescence  measurements,  excita¬ 
tion  spectra  using  synchrotron  radiation,  and  theoretical  calculations  of  electronic  structure 
of  the  host,  defects,  and  luminescence  centers.  These  should  guide  the  discovery  of  new 
scintillator  materials  and  improve  the  ability  to  tailor  their  chemical  composition  and 
structure  for  specific  applications. 
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The  sol-gel  method  is  firstly  described  taking  the  Ti02-Si02  system  as  an  example  of  the  chemical  procedure 
and  its  effect  on  the  structure  of  the  obtained  material.  The  possibilities  given  by  this  low  temperature  synthesis 
are  briefly  described  giving  particular  emphasis  on  so-called  hybrid  materials.  The  second  part  of  the  paper  is 
devoted  to  defects  in  sol-gel  materials.  Studies  on  Raman  active  defects  and  paramagnetic  states  are  reviewed. 
A  brief  discussion  on  crystallization  defects  is  also  presented. 
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1  THE  SOL-GEL  METHOD 

Sol-gel  is  a  low  temperature  method  for  the  synthesis  of  inorganic  networks.  Suitable 
monomeric  or  oligomeric  precursors  of  the  network  forming  oxides,  generally  alkoxides, 
are  reacted  with  water  in  a  common  solvent  (normally  alcohol)  and  gelation  occurs  due  to 
hydrolysis  and  polycondensation  reactions.  Different  precursors  can  be  added  to  the  same 
solution  and  a  high  degree  of  homogeneity  should  be  obtained  upon  gelation.  However, 
homogeneity  of  multicomponent  gels  depends  on  the  nature  of  precursors,  on  their 
reactivities  and  on  the  chemical  route  followed  for  the  preparation  of  gels,  as  explained  in 
1.1.  The  gel,  which  is  constituted  of  interconnected  solid  and  liquid  phases,  has  to  be  dried 
to  eliminate  the  liquid  and  to  obtain  a  porous  xerogel.  This  can  be  densified  by  suitable 
thermal  treatment  and  transformed  into  a  glass  or,  if  crystallization  takes  place,  into  a 
ceramic.  Chemical  modification  of  the  precursors  or  mixing  with  organic  moieties  allow 
the  preparation  of  hybrid  organic-inorganic  materials  with  interesting  tunable  properties. 

1 . 1  Sol-Gel  Glasses  and  Ceramics 

An  important  and  characteristic  feature  of  the  sol-gel  process  is  that  the  glassy  state  is 
obtained  without  reaching  temperatures  higher  than  Tg.  About  fifty  among  binary,  ternary 
and  multicomponent  glasses  have  been  obtained  by  the  sol-gel  method’’^  and  it  has  been 
shown  that,  in  general,  gels-derived  glasses  become  indistinguishable  from  ordinarily  melted 
glasses  when  they  are  heated  to  Tg.^  At  lower  temperatures,  amorphous  glasslike  solids 
are  obtained  which  may  have  very  attractive  properties.  Differently  from  melted  glasses, 
these  glassy  solids  have  a  structure  and  properties  that  depend  not  only  on  their  thermal 
history,  but  also  on  their  ‘chemical  history’.  Features  like  porosity,  OH  content,  skeletal 
density,  homogeneity  and  the  tendency  to  crystallize,  are  strongly  dependent  on  the  reactants 
and  the  chemical  path  followed  for  the  synthesis. 

The  low  temperature  sol-gel  process  allows  to  prepare  glasses  not  obtainable  from  melt.  A 
very  interesting  example  is  the  preparation  of  alkaline-earth  silicate  glasses.  Homogeneous 
glasses  of  this  type  are  impossible  to  prepare  from  the  melt  because  of  a  stable  liquid  immiscibility 
which  extends  up  to  very  high  temperatures,  but  they  were  successfully  prepared  from  gels."^’^ 
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Ceramics  are  obtained  when  crystallization  takes  place  during  heat  treatment  of  the  gel. 
Crystallization  can  be  only  partial,  thus  giving  glass-ceramic  materials.  Many  different 
oxide  systems  have  been  explored,  looking  for  specific  properties'  (ferroelectricity, 
piezoelectricity,  electrical  conductivity,  high  Tc  superconductivity,  optical  nonlinearity, 
catalytic  properties).  The  potential  capability  to  control  the  composition,  the  amount  of 
dopants,  the  structure  and  the  microstructure  through  the  chemical  synthesis  make  sol- 
gel  a  very  interesting  method  for  ceramic  processing.  Furthermore,  the  specific  feature  of 
starting  from  liquid  solutions  allows  the  production  of  different  types  of  ceramic  products: 
powders,  hollow  spheres,  fibers,  coatings,  membranes.  Powders  with  controlled  size  and 
shape,  good  homogeneity,  high  purity  and  reactivity  can  be  produced  by  different  sol-gel 
techniques.  This  possibility  attracts  the  attention  of  ceramists,^’^  but  low  yields  and  lengthy 
processing  times  are  still  critical  drawbacks.  Therefore,  this  method  is  mostly  used  for 
preparing  high  added  value  materials,  such  as  coatings.  Ceramic  coatings  have  been 
produced  mainly  for  electronic  applications  (for  example,  conductive,  ferroelectric, 
ferromagnetic,  superconducting  films),  optical  applications,  chemical  protection. 
Membranes  could  be  produced  taking  advantage  of  the  high  surface  area  and  small  size 
porosity  achievable  by  sol-gel.^ 

In  general,  compositional  defects  like  residual  organics,  carbon,  OH  groups,  are 
introduced  by  the  sol-gel  route.  These  must  be  taken  into  account  when  optical  and  electronic 
materials  have  to  be  produced.  For  example,  OH  groups  may  generate  foaming  during  the 
thermal  treatment  or  may  affect  negatively  the  optical  losses  of  sol-gel  derived  fibers  or 
monoliths.  Special  procedures,  like  a  treatment  with  CF,  have  to  be  adopted  to  avoid  this 
problem. 

1.2  The  Ti02-Si02  System  as  an  Example  ofSoTGel  Synthesis 

Titania-silica  sols,  gels  and  glasses  have  been  studied  by  many  researchers,  from  the  point 
of  view  of  both  the  chemical  synthesis  and  the  characterization  of  products.  A  detailed 
bibliography  may  be  found  in  ref.  1 .  The  Ti02-Si02  system  offers  a  good  example  of  a  sol- 
gel  processing  where  precursors  with  different  hydrolysis  rates  are  used.  The  main  reactions 
occurring  in  a  solution  where  silicon  and  titanium  alkoxides  are  mixed  with  alcohol  and 
water  are  reported  in  the  figure.  If  the  hydrolysis  reactions  have  the  same  rate,  the  number 
of  hydrolyzed  groups  should  be  statistically  distributed  between  the  two  precursors  and, 
depending  on  the  relative  amounts  of  silicon  and  titanium  alkoxides,  homocondensation 
of  the  more  abundant  species  (reaction  c  or  d)  should  occur  together  with  heterocondensation 
(reaction  e).  However,  as  titanium  alkoxides  are  much  easier  hydrolyzable  than  the 
corresponding  silicon  alkoxides,  reaction  d  anticipates  the  hydrolyis  of  the  silicon  alkoxide 
and  homocondensation  is  preferred,  leading  to  an  inhomogeneous  gel.  This  happens 
whenever  two  or  more  alkoxides  with  different  reactivities  are  mixed  together  and 
hydrolyzed.  In  order  to  limit  phase  separation  different  routes  have  been  proposed  in  the 
literature:  sequential  hydrolysis,^  where  the  less  hydrolyzable  alkoxide  is  allowed  to  react 
with  water  before  the  addition  of  the  ‘fast’  alkoxide;  selection  of  precursors  with  similar 
reactivities  (changing  of  the  alkyl  group  changes  the  reactivity  of  the  alkoxide);'®  use  of 
hybrid  alkoxides  containing  different  elements  in  the  same  molecule;  control  of  reactivity 
by  chemical  methods  by  using,  for  example,  chelating  agents." 

The  achievement  of  an  apparently  homogeneous  solution  without  precipitation  of  a 
second  phase  is  not  necessarily  a  proof  that  heterocondensation  was  preferred  to 
homocondensation.  In  the  specific  case  of  the  Ti02-Si02  system,  the  sequential  method 
gives  clear  solutions.  However  Ti(OR)4  is  known  to  catalyze  the  condensation  of  silanol 
groups  and  it  was  demonstrated  that  its  addition  to  a  solution  of  pre-hydrolyzed  Si(OR)4 
gives  only  a  limited  amount  of  Si-O-Ti  bonds. The  control  of  the  reaction  rate  by  chelating 
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Silica-titania  gels 


1)  Hydrolysis 


Si(OR)4  +  nH20  — 

->  Si(OH)„(OR)4.„  +  n  ROH 

(a) 

Ti(0R)4  +  mH20- 

->  Ti(OH)„(OR)4.„  +  m  ROH 

(b) 

2)  Condensation 

—Si— OH  +  HO— Si - >  — Si— O— Si—  +  H2O  (c) 


— Ti— OH  +  HO— Ti - >  — Ti— O— Ti—  +  H^O  (d) 


—Si— OH  +  HO— Ti - >  — Si— O— Ti—  +  H2O  (e) 


3)  Chelation  by  acetylacetone  (acacH) 

c  c 

I  II 

o  o 

\  / 

Ti(OR04  +  2  acacH  - >  R'O— Ti— OR'  +  2  R'OH 

/  \ 

o  o 

II  I 

c  c 

/  ^  \ 

CH3  C  H3C 
H 

FIGURE  1  Reactions  occurring  in  a  precursor  solution  for  silica-titania  gel.  Chelation  (3)  is  used  to  decrease 
the  hydrolysis  rate  of  titanium  alkoxides. 

agents,  such  as  acetylacetone,  is  a  common  method  to  avoid  the  precipitation  of  titanium 
species.  Acetylacetone,  as  all  j8-diketones,  exhibits  keto-enol  tautomerism  and  the  enol 
form  reacts  promptly  with  titanium  alkoxides,  giving  more  stable  structures  (see  figure). 
Clear  gels  can  be  obtained  in  this  way,  but  again,  this  does  not  mean  that  gels  are  really 
homogeneous.*'  Sometimes,  sophisticated  analytical  techniques  are  necessary  to  detect 
such  inhomogeneities,  which,  however,  do  not  seem  to  affect  the  macroscopic  properties 
of  the  material.  In  fact,  titania-silica  glasses  almost  identical  to  commercial  products 
(obtained  by  the  flame  hydrolysis  process  at  about  1800®C)  were  prepared  by  the  sol-gel 
route  at  much  lower  temperature. 

XRD**  '^  and  TEM*"*  studies  have  shown  that  crystallization  of  gels  takes  place  at  a 
temperature  that  depends  on  the  TiOs  concentration.  This  agrees  with  the  fact  that  Ti02  is 
not  a  glass  forming  oxide  and  the  larger  is  its  amount,  the  easier  is  its  separation  as  a 
crystalline  phase.  However,  the  ‘stability’  of  amorphous  gels  is  somewhat  surprising.  Gels 
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with  very  high  titaniapercentage,  up  to  at  least  60  mol%,  remained  amorphous  after  treatment 
at  500°C^^  and  those  with  25  mol%  showed  no  crystalline  phases  after  heating  at  900°C,‘^ 
while  traditional  glass  cannot  dissolve  more  than  1 0  mole  %  of  titania.  The  resulting  structure 
is,  however,  dependent  on  the  chemical  history  and  gels  with  the  same  composition,  but 
obtained  by  a  different  procedure,  may  exhibit  different  crystallization  temperatures. 

Thin  sol-gel  coatings  may  be  obtained  on  glass  or  other  substrates  by  depositing  a  liquid 
film  of  the  precursor  solution  on  the  substrate  and  allowing  it  to  gel  and  dry.  Thermal 
treatment  is  then  performed  to  densify  the  layer.  Coatings  in  the  Ti02-Si02  binary  system 
are  particularly  interesting  because  the  refractive  index  can  be  tuned  with  the  composition. 
Schroder'^  was  the  first  to  show  that  the  refractive  index  of  Ti02-Si02  sol-gel  coatings 
changes  linearly  from  1 .46  to  about  2.2.  This  type  of  coatings  can  be  used  in  integrated 
optics  for  producing  planar  and  strip  optical  waveguides,  as  very  low  optical  losses 
(0.3  dB/cm)  can  be  obtained.'^’*^’^^ 


2  HYBRID  MATERIALS. 

Most  difficulties  in  sol-gel  processing  of  monoliths  or  thick  films  derive  from  the  strain 
built-up  during  drying  and  densification  heat  treatment.  A  possible  way  to  by-pass  this 
problem  is  to  increase  the  structural  compliance.  This  can  be  done  by  introducing  organic 
moieties  in  the  sol-gel  processing,  due  to  the  soft  chemistry  involved.  Moreover,  new 
interesting  hybrid  materials  can  be  synthesized  by  the  way  Organic  molecules,  oligomers 
or  low  molecular  weight  polymers  can  be  simply  embedded  in  the  inorganic  matrix  (Class 
I  hybrids,  following  Sanchez  and  Ribot^^  classification).  Organic  and  inorganic  components 
can  be  bounded  through  covalent  or  iono-covalent  bonds  (Class  II)  playing  the  role  of 
network  formers  or  network  modifiers. 

The  synthesis  of  hybrid  materials  is  interesting  as  it  offers  several  possibilities: 
improvement  of  coatings,  fibers,  monoliths  processing;  microstructural  control  (i.e.  porosity, 
hydrophobicity/hydrophilicity);  adjustment  of  mechanical  and  thermal  properties  (elastic 
moduli,  toughness,  thermal  expansion  coefficient).  Moreover,  new  specific  properties 
(optical,  electrical,  chemical,  biochemical)  can  be  obtained  by  the  organic  component. 

A  drawback  of  organic-inorganic  materials  is  their  thermal  lability.  Generally,  they  cannot 
be  used  at  temperatures  higher  than  200-300°C,  even  if  temperature  stability  can  be  slightly 
increased  by  chosing  thermally  resistant  components.^^  This  i^  not  always  a  disadvantage, 
as  it  can  be  used  to  eliminate  the  organic  components  for  obtaining  an  inorganic  material. 
For  example,  the  use  of  trifunctional  alkoxysilanes  (for  example,  CH3Si(OC2H5)3,  that  has 
a  non-hydrolizable  Si-C  bond)  reduces  the  connectivity  of  the  silica  gel  network  and  enables 
to  obtain  thicker  inorganic  films  after  treatment  at  500°C.^'^ 


3  DEFECTS  IN  GELS  AND  GEL-DERIVED  MATERIALS 

The  low  synthesis  temperature  of  gel  derived  materials  could  lead  to  think  that  a  low 
concentration  of  thermally  activated  defects  should  be  present.  However,  in  analogy  with  glass 
formation  from  melts  upon  freezing  of  the  liquid  structure,  the  gelation  process  may  be  thought 
as  a  chemical  ‘freezing’  where  the  species  in  solution  suddenly  loose  their  freedom  by  the 
progress  of  condensation  reactions.  At  the  low  temperatures  of  synthesis  non-equilibrium 
structure  can  be  kinetically  stable  and  structural  relaxation  is  hindered.  Furthermore,  gel- 
derived  materials  are  usually  highly  porous  before  thermal  densification  and  defects  associated 
to  surface  structures  should  be  expected  to  be  present  in  significant  concentrations.  As  an 
example,  localized  defects  in  silica  gels  have  been  studied  by  Raman  spectroscopy  and  ESR. 
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3.1  ESR  Studies 

Paramagnetic  defects  are  not  present  in  silica  gels.  However,  they  form  upon  irradiation 
and  their  study  can  add  information  on  the  thermal  evolution  and  on  the  effect  of  chemical 
processing.^^’^^’^^  Organic  radical  species  CH3CH*OH,  •CH3)  were  observed  in  dried  gels 
and  their  reduction  during  thermal  treatment  could  be  followed.  The  presence  of  O2  centers 
was  observed  in  irradiated  silica  gels  by  Kordas  et  and  Wolf  et  The  last  authors 
irradiated  the  gels  with  X-rays  and,  as  the  energy  involved  was  not  sufficient  to  create  a 
Si-O-O-Si  peroxy  linkage,  they  deduced  that  it  was  existing  in  the  gel  prior  to  irradiation. 
They  probably  form  as  condensation  products  in  solution  or  in  the  dried  gel.  Griscom 
et  al.^^  studying  silica  gels  prepared  in  THF  solution  (instead  of  ethanol,  as  in  ref.  26)  by 
using  ‘^0-enriched  water,  did  not  observe  the  characteristic  hyperfine  signature  of  the 
peroxy  radical.  Instead,  they  obtained  the  characteristic  spectrum  of  the  non-bridging  oxygen 
hole  centers  (NBOHC). 

Although  the  reason  for  such  a  discrepancy  was  not  clear,  it  was  pointed  out  that  the 
different  procedure  used  for  the  preparation  of  gels  could  change  the  condensation  reactions 
and  the  resulting  products.  Non-bridging  oxygens  are  also  reported  in  ref.  25  for  gels  treated 
at  900°C  prior  to  irradiation. 

The  E'center  (Si«)  is  reported  in  all  the  cited  works  and  is  likely  due  to  hole  trapping  at 
the  sites  of  oxygen  vacancies. 

3.2  Raman  Studies 

Raman  spectra  of  vitreous  silica  (v-Si02)  exhibit  two  narrow  bands  at  ca.  490  and  608  cm~\ 
named  Dj  and  D2,  respectively,  and  ascribed  to  structural  defects.  These  D,  and  D2  bands 
are  also  present  in  gel-derived  silica,  but  their  intensity  changes  independently  with  thermal 
treatment,  indicating  an  unrelated  origin.^^’^^  Several  defect  models  have  been  proposed  by 
different  authors  for  v-Si02  and  were  considered  by  Brinker  and  coworkers:^^  (1)  broken 
or  missing  bonds,  which  associate  both  Dj  and  D2  bands  with  a  dangling  Si-0  bond;  (2) 
silanols  periodically  arranged  on  paracrystalline  surfaces,  where  Dj  is  related  to  silanones 
and  D2  to  cyclic  tetrasiloxanes  resulting  from  silanone  reaction;  (3)  2,3  4-fold  rings;  (4) 
peroxy  linkages.  They  studied  a  *^0-enriched  silica  gel  by  Raman  spectroscopy  and  DSC. 
The  results  brought  the  authors  to  assign  Dj  and  D2  in  agreement  with  Galeener,^'  to  ring 
breathing  of  4-fold  and  3-fold  siloxane  rings,  respectively. 

The  thermal  evolution  of  the  two  bands  in  gels  can  be  explained  by  the  different  stability 
expected  for  strained  and  unstrained  species.  The  4-fold  ring  (Dj)  is  relatively  unstrained 
and  thus  it  is  present  both  in  solution  and  at  high  temperature.  Instead,  the  strained  3-fold 
ring  (D2)  is  not  stable  in  solution  nor  at  high  temperatures,  but  it  may  form  by  condensation 
on  the  surface.  This  would  explain  the  absence  of  D2  in  dried  gels,  its  appearance  at 
T  >  250°C,  when  hydroxyls  condense  in  the  rigid  structure,  and  its  sudden  decrease  at 
T  >  700°C,  when  breaking  and  reforming  of  bonds  can  occur. 

Although  the  genesis  of  Dj  and  D2  is  likely  to  be  very  different  in  v-Si02  (high  temperature 
processing,  T  »  Tg)  and  in  gel-derived  SiOs  (low  temperature  processing,  T  <  Tg),  their 
structural  nature  is  certainly  the  same.  Thus,  this  result  is  valid  for  both  type  of  glasses. 

3.3  Crystallization  Defects 

As  previously  discussed,  the  low  temperature  gelation  process  corresponds  to  a  ‘chemical 
freezing’  which  does  not  give  the  possibility  to  the  forming  solid  structure  to  organize 
in  an  ordered  network.  As  a  matter  of  fact,  dried  gels  are  almost  always  amorphous. 
Lange  et  al^^  pointed  out  that  when  the  synthesis  temperature  is  very  low  the  driving 
potential  for  crystallization  is  very  large  and  the  critical  nucleus  size  required  for 
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spontaneous  crystallization  is  very  small.  However,  diffusion  in  strongly  inhibited.  Thus, 
crystallization  is  thermodynamically  favoured,  but  kinetically  hindered.  This  accounts 
for  the  formation  of  unexpected  amorphous  or  metastable  structures.  As  diffusion  can 
occur  only  on  very  short  range,  small  nuclei  may  form,  but  the  degree  of  homogeneity 
in  multicomponent  systems  will  strongly  influence  the  nature  of  crystalline  phases.  At 
intermediate  temperature  phase  ordering  on  the  short  range  will  be  preferred  to  long 
range  diffusion.  For  example,  if  the  mixture  is  homogeneous  with  a  composition  close 
to  an  existing  crystalline  phase,  this  phase  will  crystallize  even  if  it  is  not  in  its  temperature 
range  of  stability  as  compared  to  phase  separation.  However,  if  the  composition  is  different 
or  the  system  is  non-homogeneous,  the  phase  should  not  form.  On  the  opposite,  in  a 
binary  system  where  two  phases  coexist  at  equilibrium,  these  will  crystallize  easier  if 
the  amorphous  material  is  already  phase  separated.  Instead,  homogeneity  will  hinder  the 
achievement  of  equilibrium,  and  metastable  or  non  equilibrium  structures  could  form. 
Several  examples  can  be  cited,  but  we  will  limit  to  one,  particularly  clear  and  significant, 
recently  presented  by  Bonhomme-Coury  et  A/203-Ti02  gels  with  a  composition 
corresponding  to  Al2Ti05  were  prepared  following  two  procedures.  In  the  first  preparation 
no  precaution  was  taken  to  control  the  hydrolysis  kinetics  of  the  titanium  alkoxide  and 
a  gel  with  separate  condensation  of  titanium  oxide  and  alumina  was  obtained.  By  heating 
this  non-homogeneous  gel,  rutile-Ti02  and  a-Al203  crystallized  below  1000°C  and 
reacted  at  T  >  1 280°C  to  give  /3- Al2Ti05,  in  agreement  with  the  equilibrium  phase  diagram. 
In  the  second  procedure  acetic  acid  was  used  to  slow  down  the  reaction  rates.  The 
crystallization  behaviour  of  this  ‘homogeneous’  gel  was  quite  different  from  the  previous 
one.  In  fact,  a  crystalline  aluminium  titanate  very  similar  to  ^-Al2Ti02  was  observed 
below  800°C.  As  discussed  above,  this  phase  was  obtained  by  a  local  ordering  of  the 
homogeneous  mixture.  However,  it  was  metastable  as  compared  to  the  phase  separation 
of  simple  oxides  and,  indeed,  at  higher  temperatures  the  higher  diffusion  kinetics  allowed 
this  phase  to  decompose  into  rutile-Ti02  and  a-Al203.  Only  above  1280°C  the  stable 
j8-Al2Ti05  formed  again. 

The  low  temperature  synthesis  methods  should  affect  also  the  amount  of  structural  defects. 
The  concentration  of  equilibrium  defects  (vacancies,  interstitials)  should  be  small  if  the 
crystallization  occurs  under  equilibrium  conditions.  But  this  is  not  the  case,  at  least  in  sol- 
gel  processes,  because  of  the  sudden  change  of  chemical  potential  (and  viscosity).  So, 
kinetic  reasons  justify  the  presence  of  non-equilibrium  defects.  Unfortunately,  only  few 
experimental  evidences  have  been  published  on  this  subject  on  gel  materials.  For  example, 
Barboux  et  found  microtwinning  phenomena  in  the  YBa2Cu307_,,  phase  of 
superconductive  ceramics.  This  phase  can  be  described  as  Ba-  and  Y-containing  perovskite 
blocks  ordered  along  the  c  axis.  Its  formation  requires  a  quite  long  range  ordering,  that  is 
not  achieved  at  low  temperatures.  Partial  disordering  of  the  alignments  results  in  such 
microtwinning.  Similarly,  the  low  temperature  synthesis  of  many  materials  leads  to 
structures  which  appear  to  have  higher  symmetry  (as  observed  by  X-ray  diffraction)  than 
the  regular  ones.  As  well  known  examples,  tetragonal  Zr02  is  obtained  instead  of 
monoclinic;^^  cubic-like  PbTi03  is  obtained  instead  of  tetragonal. This  higher  symmetry 
relates  to  a  higher  disorder  coming  from  the  gel  precursors.  In  this  hypothesis,  we  are 
explaining  high  symmetry  through  an  order  which  has  not  been  completely  obtained  for 
kinetic  reasons.  Another  explanation,  given  by  many  authors,  relates  on  thermodynamical 
considerations  taking  into  account  the  effect  of  the  surface  energy. 

Certainly,  more  extensive  research  should  be  addressed  to  this  important  field.  From 
this  point  of  view,  sol-gel  should  be  considered  an  experimental  procedure  for  studying 
the  more  general  aspects  of  low  temperature  synthesis  and  the  effects  it  may  have  on  structure 
and  defects. 
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ULTRAFAST  SPECTROSCOPY  OF  DEFECTS 

M.  LEBLANS 

Physics  Department,  University  of  Antwerp  (U.LA.),  Universiteitsplein  1,  B-2610 

Wilrijk  (Antwerp),  Belgium 

The  intrinsic  luminescence  quenching  of  the  F  center  in  Nal  and  NaBr  has  been  the  subject  of  discussion  for  many 
years.  The  key  question  was  whether  the  nonradiative  electronic  transition  to  the  ground  state  after  optical 
excitation  occurs  during  or  after  lattice  relaxation  in  the  excited  electronic  state.  Ultrafast  time  resolved  techniques 
showed  that  in  the  case  of  NaBr  the  electronic  transition  predominantly  occurs  from  the  relaxed  excited  state 
(RES),  whereas  in  Nal  the  electronic  transitions  during  and  after  lattice  relaxation  have  a  comparable  efficiency.  A 
similar  question  raises  when  the  luminescence  is  quenched  by  aggregation  of  the  F-center  with  a  molecular 
impurity.  In  addition  one  wants  to  characterize  the  electronic-vibrational  (e-v)  energy  transfer  associated  with  the 
nonradiative  F-center  relaxation  by  measuring  the  population  of  the  vibrational  levels  after  the  transfer.  Ultrafast 
spectroscopy  can  contribute  to  a  better  understanding  of  the  e-v  transfer  process  in  particular  in  the  case  of  the 
OH" perturbed  F  center:  Because  of  the  stronger  quenching  of  electronic  luminescence  and  the  much  faster 
(nonradiative)  vibrational  decay  for  OH",  much  fewer  information  is  available  yet  than  in  the  case  of  CN". 


1  INTRODUCTION 

In  most  of  the  alkali  halides  the  F  center  possesses  a  high  emission  efficiency  after  optical 
excitation.  For  NaBr,  Nal  and  the  lithium  halides  very  weak  or  no  luminescence  was 
observed.  Bartram  and  Stoneham^  noticed  that  the  luminescence  quenching  in  these  cases 
agrees  with  the  Dexter-Klick-Russell  (DKR)  criterion:  when  the  crossing  point  between 
the  potential  curves  of  the  ground  and  excited  electronic  state  lies  below  the  energy 
reached  after  optical  excitation,  the  system  makes  a  nonradiative  transition  near  the 
crossing  point  during  the  vibrational  relaxation  in  the  excited  state  (Figure  I).  Although 
this  interpretation  was  supported  by  several  theoretical  estimates  of  the  efficiency  of  the 
crossover  process,  experimental  evidence  was  provided  on  the  basis  of  emission-efficiency 
measurements  that  the  nonradiative  transition  occurred  from  the  RES.^  In  the  case  of 
impurity-induced  luminescence  quenching  due  to  e-v  transfer,  the  excitation  spectra  for 
vibrational  luminescence  of  F//(CN~)  in  CsBr  and  KCl  showed  that  electronic  relaxation 
of  the  F  center  during  vibrational  relaxation  is  a  possible  relaxation  channel.^  However,  a 
splitting  of  the  RES  could  be  an  alternative  explanation.  As  will  be  explained  in  Sec.  Ill 
the  timescale  of  the  electronic  relaxation  can  distinguish  between  the  two  processes.  The 
interpretation  of  experimental  data  is  complicated  by  thermal  ionization  at  higher 
temperatures,  by  electron  tunneling  at  higher  F-center  concentrations,^  and  by  electronic 
energy  transfer^  when  centers  are  present.  Essential  information  on  the  nature  of  the 
interaction  between  the  F’-center  electron  and  the  impurity  vibration  is  contained  in  the 
energy  distribution  over  the  vibrational  levels  after  the  electronic  relaxation.^’^  Due  to  the 
radiative  nature  of  the  CN“  vibrational  relaxation  on  a  ms  timescale,  the  e-v  transfer  of  the 
F//(CN")  center  is  already  well-documented  and  reviewed  in  Ref.  3.  The  OH“  impurity  is 
experimentally  a  more  difficult  case,  since  its  stretch  vibration  decays  nonradiatively  on  ns 
timescale.^ 


2  EXPERIMENTAL  TECHNIQUES 

Detection  of  weak  picosecond  luminescence  decay  is  possible  with  a  streak-camera. 
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FIGURE  1  Configurational  coordinate  diagram  in  the  case  of  intrinsic  luminescence  quenching  and  the 
introduction  of  new  crossing  points  EA(n)  when  energy  transfer  to  a  molecular  vibrational  level  nhco  occurs. 


Time-resolved  hot  luminescence  of  the  i^-center  in  KCl  was  measured  in  this  way.^  The 
spectral  range  of  the  ordinary  electronic  luminescence  does  not  allow  to  study  the 
electronic  F-center  relaxation  to  the  ground  state  with  this  technique. 

Pulsed  pump-probe  laser  techniques  offer  an  alternative  to  measure  ultrafast  time 
response.  The  time  resolution  is  determined  by  the  width  of  the  excitation  pulses.  A  first 
pulse  (pump)  excites  the  system  and  changes  its  response  on  a  second  pulse  (probe),  which 
can  be  delayed  variably  with  respect  to  the  first  one.  The  probed  response  can  be,  e.g.,  the 
Raman  or  absorption  spectrum  of  a  transient  state  prepared  by  the  pump  pulse, 
stimulated  emission,  or  temporal  bleaching  of  an  absorption  band  (induced 
transparency).^  For  most  of  the  data  discussed  here  the  increased  transmittance  of  a 
probe  pulse  induced  by  the  pump  pulse  is  measured.  As  a  function  of  the  time  delay 
between  pump  and  probe  pulse  one  thus  obtains  the  ground-state  recovery  of  an  excited 
color  center,  independent  of  the  relaxation  mechanism.  A  double  modulation  scheme  with 
phase-sensitive  detection  can  be  used  at  high  pulse  repetition  rates.  This  is  advantageous 
for  the  elimination  of  unwanted  pump-beam  intensity  and  noise  reduction.  The  resulting 
sensitivity  of  the  technique  allows  for  low  power  excitation  and  can  be  advantageous  to 
avoid,  e.g,,  non-linear  effects,  heat  dissipation,  and  additional  relaxation  channels 
occurring  at  high  saturation.  The  interpretation  of  the  decay  scans  with  the  modulation 
technique  are,  however,  not  always  straightforward  when  in  addition  to  a  fast  channel  also 
relaxation  components  are  present  slower  than  the  modulation  period.  The  high 
repetition  rate  can  also  considerably  complicate  the  problem,  if  a  slowly  decaying 
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FIGURE  2  The  ionization  rate  (□)  and  the  nonradiative  transition  rate  (Q)  of  the  RES  of  the  F  center  in  NaBr, 
derived  from  the  ionization  efficiency  data  of  Ref.  2  and  total  transition  rate  of  the  ground-state  recovery 
measurements  (+).  The  full  line  is  a  fit  of  the  ionization  rate  to  an  Arrhenius  behavior.  The  dashed  curve  is  a  fit  of 
the  nonradiative  transition  rate  to  Eq.  2. 


excitation,  involved  in  the  relaxation  cycle,  gets  saturated:^  Repumping  of  the  F-center 
electron  in  the  Fh(CN~)  center  when  the  CN“  is  still  vibrating  after  a  previous 
deexcitation  of  the  electron,  creates  definitely  a  different  situation  than  an  electronic 
excitation  with  the  CN“  at  rest.  In  such  a  case  it  may  be  more  advantageous  to  use  highly 
energetic  pulses  at  a  much  lower  repetition  rate.  Such  pulses  can  also  be  used  to  generate 
in  a  transparent  medium  an  ultrafast  spectrally  broad  continuum.  Used  as  a  probe  beam, 
this  supercontinuum  can  be  used  to  monitor  with  ultrashort  time  resolution  the  pump-beam 
induced  absorption  changes  over  a  broad  spectrum. 
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FIGURE  3  Decay  time  of  the  fast  relaxation  channel  of  the  F  center  in  Nal  as  a  function  of  the  temperature  (Q)- 
The  values  of  the  inverse  linewidth  of  the  gapmode  dominating  the  vibrational  resonant  Raman  spectrum  in  Nal^^ 
are  also  shown  for  comparison  (+). 


3  INTRINSIC  QUENCHING  OF  F-CENTER  LUMINESCENCE 

An  important  consideration  is  that  the  ground-state  recovery  of  the  F  center  occurs  on  the 
timescale  of  the  vibrational  relaxation  in  the  case  of  the  crossover  process.  The  lattice 
relaxation  in  the  excited  state  of  the  KCl:  has  been  established  to  be  13  ps  from 

the  risetime  of  stimulated  emission  after  a  pulsed  excitation  in  the  absorption  band.^^  For 
the  F  center  in  Nal  and  NaBr  the  vibrational  lifetime  was  estimated  from  linewidth 
measurements  of  the  resonant  Raman  spectrum  to  be  10.5  ps  and  0.6  ps,  respectively.^^  If 
the  nonradiative  transition  occurs  only  from  the  RES,  the  time  constant  of  the  ground-state 
recovery  To  at  low  temperatures  can  be  derived  from  the  expected  radiative  lifetime  and 
the  emission  efficiency  r]e\ 


To  =  r]e  Tr  (1) 

Thus,  a  nonradiative  lifetime  of  5.4  ns  is  expected  for  NaBr  and  27  ns  for  Nal. 

Induced-transparency  measurements  were  performed  on  the  F  center  in  NaBr  and  Nal 
with  10-ps  time  resolution  and  yielded  at  10  K  a  relaxation  component  of  6  ns  and  in  the 
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order  of  tens  of  ns,  respectively.^^’^^  Being  in  good  agreement  with  Eq.  1  and  much  slower 
than  the  vibrational  lifetime,  one  concludes  that  the  F  center  in  NaBr  and  Nal  reaches  the 
RES  with  a  high  efficiency,  from  which  nonradiative  decay  occurs.  A  theoretical 
expression  for  the  latter  process  fits  well  the  temperature  dependence  observed  for  this 
decay  component  in  NaBr  (Figure  2):^^ 


""  Ti^ErKbT*  kbT*)' 


(2) 


with  T*  an  effective  temperature,  which  is  nonzero  at  zero  temperature. 

In  the  case  of  NaBr  also  a  slower  decay  channel  related  to  the  recapture  of  conduction 
electrons  is  observed,  with  an  increasing  amplitude  at  higher  temperatures.  This  decay 
channel  can  not  be  clearly  distinguished  in  Nal,  which  is  possibly  due  to  the  fact  that  the 
maximum  available  time  delay  between  pump  and  probe  pulses  is  considerably  shorter 
than  the  ground-state  recovery  in  the  temperature  range  in  which  the  dominant 
contribution  changes  from  the  component  related  to  the  RES  lifetime  to  the  retrapping 
component. 

The  uncertainty  on  the  values  for  Eq.  1  are  large  enough  to  allow  for  a  contribution 
from  the  crossover  process  with  a  comparable  efficiency  as  the  transition  from  the  RES, 
and  its  contribution  could  occur  faster  than  the  10-ps  time  resolution.  Measurements  on 
Nal  with  200-fs  time  resolution  show  indeed  an  additional  relaxation  component  of 
10.5  ps.  The  temperature  dependence  of  its  time  constant  follows  closely  the  vibrational 
lifetime  derived  from  linewidth  measurements  of  the  resonant  Raman  spectrum  (Figure  3). 
Apparently,  the  interstate  electronic  transition  is  sufficiently  fast  to  allow  for  a  ~  33% 
efficiency  of  the  crossover  process  during  lattice  relaxation. 


4  IMPURITY-INDUCED  NONRADIATIVE  RELAXATION 

When  the  F  center  is  perturbed  by  an  impurity,  the  parameters  in  Eq.  2  can  be  modified, 
due  to  (static)  changes,  e.g.,  of  the  electronic  wavefunctions  and  the  effective  phonon 
frequency.  Alternatively  or  additionally,  the  vibrational  excitation  of  the  impurity  may 
interact  with  the  F-center  electron,  so  that  energy  transfer  to  the  impurity  vibration  occurs.^ 
If  during  the  nonradiative  electronic  relaxation  a  particular  vibrational  level  n  of  the 
impurity  is  populated,  the  transition  rate  from  the  RES  has  an  activation  energy  which  can 
be  determined  by  the  crossing-point  energy  of  the  potential  curve  of  the  excited  state  and 
the  one  of  the  ground  electronic  state  moved  upwards  nhuy  in  energy  (Figure  1).  The 
lowering  of  the  activation  energy  implies  the  necessity  of  considering  again  electronic 
transitions  during  lattice  relaxation  and  from  the  RES.  The  lowering  of  the  activation 
energy  is  a  result  of  the  fact  that  due  to  energy  conservation  less  energy  is  to  be  dissipated 
into  phonons  when  the  impurity  vibration  is  excited  in  the  electronic  relaxation  process. 

Without  clarifying  the  interaction  between  the  F-center  electron  and  the  impurity 
vibration,  it  explains  why  e-v  transfer  can  be  efficient  in  the  case  high-frequency 
intramolecular  vibrations,  such  as  is  the  case  of  CN”  and  OH“.  It  was  concluded  from  a 
study  of  H” -induced  nonradiative  relaxation  of  the  F  center  in  NaBr  that  it  might 
considerably  affect  the  intrinsic  nonradiative  relaxation  rate  due  to  e-v  transfer  even  for 
relatively  low  vibrational  energies. Nevertheless,  it  was  also  clear  from  this  study  that 
static  perturbations  of  the  F  center  due  to  the  presence  of  the  impurity  influence  the 
nonradiative  relaxation  rate  in  this  case. 

Although  their  energy  is  much  lower,  rotational  or  librational  excitations  of  a  molecular 
impurity  may  play  a  similar  role  in  the  nonradiative  relaxation  as  the  internal  vibration. 
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They  may  efficiently  promote  the  electronic  transition  as  was  suggested  by  the  activation 
energy  derived  from  induced-transparency  measurements  of  the  (unaggregated)  jF  center  in 
OH“-doped  KCl,  which  was  close  to  the  librational  frequency, Induced-transparency 
measurements  on  KBr:F//(OH”)  revealed  a  300-ps  relaxation  component  at  low 
temperatures  with  an  activation  energy  considerably  lower  than  the  librational 
frequency.^^’^^  It  was  suggested  that  phonons  are  responsible  to  stimulate  the  nonradiative 
relaxation.  This  activation  energy  may  also  be  explained  in  terms  of  low-lying  crossing 
points:  An  activation  energy  in  the  order  of  100  cm“^  would  be  obtained  for  both  hosts 
when  the  vibrational  level  n  =  2  of  OH“  is  excited.  With  this  respect  the  ground-state 
recovery  of  KBr:F)/(OD~)  would  be  very  important,  since  the  vibrational  energy  levels  are 
significantly  different  in  this  case.  Our  induced-transparency  measurements  show/^ 
however,  that  the  temperature  dependence  of  the  relaxation  should  be  considered  with 
care,  because  two  different  configurations  of  KBr:  F//(OH“)  exist  depending  on  the  OH“ 
orientation.  They  possess  a  different  absorption  band,  strongly  overlapping  with  each 
other.  Their  equilibrium  populations  depend  on  the  temperature  and  each  configuration 
may  have  its  own  nonradiative  relaxation  rate.  A  conversion  of  one  of  the  centers  to  the 
other  configuration  due  to  OH“  reorientation  during  the  nonradiative  relaxation  processes 
after  optical  excitation,  would  be  detected  as  an  absorption  increase  (negative  signal)  or  an 
increased  transparency  (positive  signal),  depending  on  which  absorption  band  is  probed. 
Decay  scans  for  different  pump  and  probe  wavelengths  reveal  indeed  two  components 
with  a  sign  change  when  the  excitation  wavelength  is  varied:  one  with  a  decay  constant 
longer  than  several  ns  at  all  temperatures  and  a  strongly  temperature-dependent  one, 
decaying  in  ~  300  ps  at  50  K.  They  may  therefore  be  related  to  reorientation  of  the  OH~ 
impurity  after  optical  excitation  and  may  offer  an  interesting  way  to  studying  the  possible 
interrelation  between  molecular  reorientation  and  nonradiative  relaxation.  Since  the 
observed  sign  changes  can  also  be  due  to  modification  of  the  ground-state  absorption  by 
vibrational  excitation  of  a  comparative  study  is  indicated  with  KCl,  in  which  only 

one  configuration  is  observed  for  F//(OH“), 

Also,  a  relaxation  component  faster  than  10  ps  was  observed  for  KBr:  Fh(OH~),^^ 
which  lies  in  the  timescale  of  lattice  relaxation.  It  is  therefore  probably  related  to  electronic 
transitions  at  the  new  crossing  points.  In  contrast  to  this  observation,  transient  absorption 
measurements  with  a  white-light  continuum  on  CsBr:  /’//(ON")  yielded  an  electronic 
relaxation  component  on  ns  timescale.^  The  results  on  Nal:  F  (Sec.  II)  show,  however,  that 
the  60-ps  resolution  of  those  experiments  was  very  probably  insufficient  to  observe  a 
contribution  arising  from  electronic  transitions  during  lattice  relaxation. 

In  the  case  of  F//(OH“)  very  little  is  known  yet  about  the  efficiency  of  the  e-v  transfer 
and  the  energy  distribution  over  the  vibrational  levels  after  the  electronic  relaxation.  Only 
for  KCl  the  population  of  the  vibrational  levels  by  anti-Stokes  Raman  scattering  has  been 
measured  after  pulsed  excitation  of  the  F-center  electron.^  For  both  OH“  and  OD“ 
the  largest  population  was  observed  for  az  =  1.  However,  the  data  were  analyzed  in  the 
assumption  of  steady-state  conditions,  whereas  the  pump  and  probe  pulse  consisted  of 
the  same  60  ps  pulse  train  of  76  MHz  repetition  rate  and  both  the  nonradiative  relaxation 
and  the  vibrational  relaxation  are  expected  to  occur  on  a  timescale  faster  than  13  ns.  Due  to 
the  high  excitation  power  used  in  this  experiment,  it  is  also  not  clear  whether  one  can 
exclude  repumping  of  F//(OH“)  centers,  which  are  not  yet  relaxed  vibrationally  from 
previous  e-v  transfer  events. 


REFERENCES 

1.  R,  H.  Bartram  and  A,  M.  Stoneham,  Solid  State  Commun.  17,  1593  (1975). 


ULTRAFAST  SPECTROSCOPY  OF  DEFECTS 


45 


2.  G.  Baldacchini,  D.  S.  Pan,  and  F.  Liity.  Phys.  Rev.  B24,  2174  (1981). 

3.  F.  Luty  and  V.  Dierolf,  in  Proceedings  of  the  International  Conference  on  Defects  in  Insulating  Materials, 
SchloQNordkirchen,  Germany,  1992,  edited  by  O.  Kanert  and  J.  M.  Spaeth  (World  Scientific,  Singapore), 
Vol.  1,  p.  17;  D.  Samiec,  A.  Katerkamp,  H.  Stolz,  and  W.  von  der  Osten,  p.  548. 

4.  J,  De  Kinder,  W.  Joosen,  and  D.  Schoemaker,  Phys.  Rev.  B42,  9674  (1990). 

5.  G.  Halama,  K.  T.  Tsen,  S.  H.  Lin,  F.  Liity,  and  J.  B.  Page,  Phys.  Rev.  B39,  13457  (1989)  . 

6.  C.  E.  Mungan,  U.  Happek,  and  A.  J.  Sievers,  J.  Luminescence  58,  33  (1994). 

7.  N.  Akiyama  and  H.  Ohkura,  J.  Luminescence  60  &  61,  713  (1994). 

8.  T.  Suzuki,  K.  Tanimura,  and  N.  Itoh,  Phys.  Rev.  B49,  7233  (1994). 

9.  T.  Makimura,  K.  Tanimura,  N.  Itoh,  T.  Tokizaki,  A.  Nakamura,  J.  Phys.  Cond.  Matter  6,  4581  (1994). 

10.  J.  M.  Wiesenfeld,  L.  F.  Mollenauer,  and  E.  P.  Ippen,  Phys.  Rev.  Lett.  47,  1668  (1981). 

11.  F.  De  Matteis,  M,  Leblans,  W.  Joosen,  and  D.  Schoemaker,  Phys.  Rev.  B45,  10377  (1992). 

12.  D.  Jang,  T.  C.  Corcoran,  M.  A.  El-Sayed,  L.  Gomes,  and  F.  Liity,  in  Ultrafast  Phenomena  V,  edited  by 
G.  R.  Reming  (Springer- Verlag,  Berlin,  1986). 

13.  F.  De  Matteis,  M.  Leblans,  W.  Slootmans,  and  D.  Schoemaker,  Phys.  Rev.  B50,  13186  (1994). 

14.  R.  Dorsinville,  P.  P.  Ho,  J.  T.  Manassah,  and  R.  R.  Alfano,  in  The  Supercontinuum  Lasersource,  edited  by 
R.  R.  Alfano  (Springer,  New  York,  1989). 

15.  F.  De  Matteis,  M.  Leblans,  and  D.  Schoemaker,  Phys.  Rev.  B49,  9357  (1994). 

16.  E.  Gustin,  M.  Leblans,  A.  Bouwen,  and  D.  Schoemaker,  Phys.  Rev.  B49,  916  (1994). 

17.  L.  Comes  and  F.  Liity,  Phys.  Rev.  B30,  7194  (1984)  . 

18.  P.  Prosposito,  M.  Casalboni,  F.  Ignozza,  and  U.  M.  Grassano,  Proceedings  of  this  Conference. 

19.  E.  Gustin,  W.  Wenseleers,  M.  Leblans,  A.  Bouwen,  and  D.  Schoemaker,  Proceedings  of  this  Conference. 

20.  Y.  Yang  and  F.  Liity,  Bull.  Am.  Phys.  Soc.  31,  699  (1986). 


1  CALCULATIONS  AND  THEORY 


Radiation  Effects  and  Defects  in  Solids,  1995,  Vol.  134,  pp.  47-50 
Reprints  available  directly  from  the  publisher 
Photocopying  permitted  by  license  only 


©  1995  OPA  (Overseas  Publishers  Association) 
Amsterdam  B.V.  Published  under  license  by 
Gordon  and  Breach  Science  Publishers  SA 
Printed  in  Malaysia 


STATIC  SIMULATIONS  OF  Cu+  CENTERS  IN 
ALKALI  HALIDES 


V.  LUANA,  M.  A.  BLANCO,  M.  FLOREZ,  A.  MARTIN  PENDAS 

and  L.  PUEYO 


Departamento  de  Qmmica  Fisica  y  Anab'tica.  Facultad  de  Qmmica;  Universidad  de 

Oviedo,  33006-Oviedo,  Spain 

Quantum-mechanical  calculations  and  atomistic  simulations  have  been  used  to  characterize  the  local  geometry. 
Stability  and  resonant  vibrations  of  Cu>i  centers  in  alkali  halides 
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1  INTRODUCTION 

The  Cua  centers  in  alkali  halides  appear  to  be  quite  simple  closed  shell  impurity  systems. 
They  present,  however,  important  difficulties  both  from  the  experimental  and  from  the 
theoretical  points  of  view.  The  detailed  geometry  for  most  centers  has  not  been 
established,  and  quite  significant  differences  exist  among  theoretical  calculations. 
Vibration  frequencies  computed  from  cluster  calculations  are  usually  far  different  from  the 
values  determined  upon  the  analysis  of  electronic  spectra.^’"^  Cu"^  exhibits  on  some  crystals 
(NaBr,  KCl,  and  KBr)  an  off-center  equilibrium  position,  for  which  the  mechanism  is  yet 
unknown. 


2  METHOD  AND  MODELING 

The  above  questions  have  been  investigated  with  the  ab  initio  Perturbed  Ion  (aiPI) 
quantum-mechanical  methodology."^  Thus  cluster-in-the-lattice  calculations  have  been 
done,  in  which  the  local  wavefunction  of  a  given  cluster  (C )  is  self-consistently  solved, 
and  the  classical  and  quantum  effects  provided  by  a  frozen  lattice  (L)  are  taken  into 
account.  An  initial  aiPI  calculation  on  the  pure  host  crystal  provides  the  wavefunctions  to 
represent  the  lattice,  that  is  going  to  be  frozen,  both  electronically  and  geometrically, 
during  the  cluster  calculation. 

We  have  observed  the  convenience  to  separate  the  cluster  C  region  into  two  parts:  an 
innermost  region,  Ci,  made  of  all  ions  that  are  geometrically  as  well  as  electronically 
relaxed,  and  the  border  region,  C2,  collecting  the  ions  that  suffer  only  electronic  relaxation. 
In  this  paper  the  notation  C/i-m  is  used  to  indicate  that  C  is  made  up  of  the  central 
substituted  position  and  the  n  nearest  neighbors,  the  first  m  of  them  being  the  C\  region. 

The  presence  of  the  C2  region  improves  the  calculation  by  interfacing  the  cluster 
wavefunction  to  the  fixed  lattice  density.  As  an  example,  the  nearest-neighbor  (nn) 
Cu-F  distance  in  Cu'^iNaF  passes  from  2.14  A  in  the  Cl-1  model  (7  ions),  to  2.18  A  in  C2-1 
(13  ions),  and  to  2.20  A  in  C3-1  (25  ions)  and  C4-1  (33  ions).  Even  more  important, 
neglecting  the  C2  region  has  produced,  in  some  cases,  rather  unphysical  energy  functions. 
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3  LOCAL  GEOMETRY  OF  THE  Cua  CENTERS 

C12-4  models  (179  ions,  33  of  them  being  moved)  have  been  used  to  determine  the  local 
geometry  of  Cua  centers  in  nine  alkali  halides.  Totally  symmetric  (breathing) 
displacements  of  the  shells  have  only  been  permitted  at  this  point.  Equivalent  Cl 2-4 
models  of  the  pure  hosts  have  also  been  solved,  and  the  local  relaxations  due  to  the 
impurity  have  been  computed  as  the  difference  AR'  =  R|j^(Cua)  --  R\^{Aa),  in  order  to 
avoid  systematic  errors  in  the  calculation.  Interestingly,  we  have  found  that  it  is  only  the 
first  shell  of  neighbors  that  appreciably  relax  upon  substitution.  The  nn  relaxations  (See 
Table  I)  depend  mostly  on  the  cation  being  substituted.  Negligible  or  very  small  inwards 
relaxations  are  obtained  for  Cu:LiY,  inwards  relaxations  close  to  -0.1  A  are  obtained  for 
Cu:NaY,  and  values  around  -0.3  A  are  encountered  for  Cu:KX.  These  results  follow  the 
tendency  that  should  be  expected  according  to  Shannon’s  octahedral  ionic  radii^: 
0.90  (Li"^),  1.16  (Na+),  1.52  (K"^),  and  0.91  A  (Cu"^).  Moreover,  Emura  et  aL^  did  EXAFS 
measurements  on  Cu:NaCl  and  found  an  inwards  relaxation  of  -0.10  =b  0.02  A,  in 
excellent  agreement  with  our  calculations. 


4  STABILITY  OF  THE  Cua  CENTERS 

The  formation  energy  of  the  Cua  centers  is  quite  dependent  on  the  size  of  the  C\  and  C2 
regions.  For  instance,  CurLiF  is  unstable  by  1.10  eV  in  the  CO-0  model  (C  only  contains 
the  substituted  position),  by  0.21  eV  in  Cl 2-0,  and  it  turns  to  be  stable  by  -0.25  eV  in  the 
Cl 2-4  model. 

According  to  the  Cl 2-4  model,  substituting  Cu"^  for  the  cation  is  energetically  favored 
in  the  nine  alkali  halides.  As  Table  II  shows,  the  formation  energies  are  mainly  determined 
by  the  cation  being  substituted,  Cuu  being  the  less  stable  and  Cuk  the  most  stable  centers. 
The  aiPI  values  can  be  compared  with  the  results  from  atomistic  HADES  simulations  also 
presented  in  Table  11.  The  HADES  and  aiPI  results  are  rather  coincident  for  the  three 
fluorides,  but  the  atomistic  simulation  predicts  the  Cua  centers  in  the  three  chlorides  to  be 
1-2  eV  more  stable  than  the  aiPI  calculation.  The  origin  of  this  significant  difference 
remains  yet  unknown. 


Table  I 

Theoretical  C\x-X  distances  and  relaxations,  in  A,  for  the  Cua  centers. 


LiF 

LiCI 

LiBr 

NaF 

NaCl 

NaBr 

KF 

KCl 

KBr 

Rift(Cu-A0 

2.021 

2.522 

2.734 

2.201 

2.706 

2.906 

2.276 

2.769 

3.004 

AR 

0.000 

-0.033 

-0.020 

-0.124 

-0.105 

-0.086 

-0.378 

-0.365 

-0.299 

Table  II 

Formation  energies  (in  eV)  of  the  Cua  centers. 


LiF 

LiCl 

LiBr 

NaF 

NaCl 

NaBr 

KF 

KCl 

KBr 

aiPI 

HADES^ 

-0.252 

-0.200 

-0.688 

-2.704 

-0.392 

-1.022 

-1.598 

-0.867 

-3.200 

-0.684 

-1.771 

-1.978 

-1.646 

-3.123 

-1.377 

(a)  Using  set  II  potentials  and  shell  parameters  from  Ref.  7  and  Cu-A"  potentials  from  Ref.  8. 


5  RESONANT  VIBRATIONS  OF  Cu+:NaF 

The  138  independent  Oh  force  constants  corresponding  to  the  vibration  of  Cu'^and  its  first 
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four  shells  of  neighbors  have  been  numerically  computed  from  the  aiPI  energy,  according 
to  the  procedure  described  in  Ref.  4.  These  force  constants  give  the  vibrational  modes  of 
the  impurity,  under  the  harmonic  approximation.  The  C12-4  of  both  the  impurity  center 
and  the  pure  host  crystal  have  been  examined  in  parallel,  and  from  the  comparison  of  the 
results  of  both  we  have  determined  that  the  only  modes  truly  characteristic  of  the  impurity 
center  are  the  lowest  aig,  eg,  and  tiu  vibrations.  Strong  couplings  are  found  among 
vibrational  modes  of  adjacent  shells,  showing  that  theoretical  frequencies  derived  from 
small  cluster  calculations  should  be  checked  for  convergence  before  being  compared  to  the 
experimental  values.  As  an  example,  the  tiu  vibration  appears  at  155  cm~^  when'  the 
movement  of  Cu"*"  is  considered  alone,  and  drops  to  108  cm“^  when  the  coupled 
movement  of  the  33  innermost  ions  is  calculated  (See  Table  III).  Vibration  frequencies 
having  a  localized  character  in  the  doped  system  are  obtained  at  206  cm"^  (laig), 
108  cm“^  (Itiu),  and  173  cm“^  (leg).  The  eigenvector  analysis  shows  that  the  associated 
modes  are  dominated  by  the  motion  of  the  impurity  and  its  first  shell  of  neighbors.  These 
frequencies  can  be  compared  with  the  experimentally  observed  tiu  frequency  of  93  cm“\^ 
the  value  of  168  it  10  cm“^  empirically  estimated  for  laig  upon  the  shape  of  the  ^  A  jg 
Tjg(^Eg)  electronic  band,^  and  the  speculative  leg  frequency  of  150  cm“^^  On  the  other 
hand,  we  have  done  a  preliminary  test  on  the  influence  of  the  ionic  polarization  on  the 
resonant  vibrations.  To  this  end  we  have  implemented  a  classical  linear  model  of  point 
dipoles,  self  consistently  computed  in  the  electrical  field  provided  by  the  ions,  each 
carrying  an  electrical  charge  and  a  point  dipole.  This  model  has  been  included  as  an 
optional  correction  to  the  aiPI  calculations.  Results  in  Table  HI  show  that  the  lattice 
polarization  does  not  significantly  affect  the  coupled  aig  vibration,  but  it  lowers  as  much  as 
23  cm"^  the  Itiu  mode,  consistently  with  the  relatively  large  polarizability  of  Cu*^. 


Table  m 

Frequencies  (in  cm"^)  of  the  vibrational  modes  having  a  localized  character  for  the  Cunh  center  in  NaF. 


a;(laip) 

^(1  Cg) 

^(Ui«) 

aiPI 

Uncoupled^®^ 

263 

197 

155 

Coupledf”) 

206 

173 

108 

+Polarization^^^ 

Uncoupled 

239 

126 

Coupled 

201 

85 

(a)  A  single  diagonal  force  constant  is  used  in  the  uncoupled  calculations,  vi^hereas  the  complete  matrix  is 
diagonalized  in  the  coupled  ones. 

(b)  Using  fixed  polarizability  values  of  1.67  (Cu+),  0.147  (Na+),  and  1.02  K?  (F").  Polarization  is  only  accounted 
for  in  the  Ci  region. 
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This  paper  describes  the  calculations  of  the  electronic  structures  of  the  F-center  in  NaCl,  pure  anion  vacancy, 
and  /-’-centers  in  MgO  by  the  embedded  cluster  method.  This  work  is  an  alternative  approach  relative  to  the 
ICECAP  method  within  which  the  embedded  cluster  model  based  on  Johnson's  Scattered  Wave  method  is 
combined  with  the  Motl-Littleton  method.  The  main  features  of  the  model  are:  self-interaction  correction  of 
single-particle  energies  in  the  case  of  perfect  crystals  and  point  defects  whose  states  are  in  the  band  gap  of  a 
perfect  crystal;  Mott-Littleton  method  modification  allowing  for  the  description  of  the  defect  wave  function  in 
the  analytical  form:  construction  of  the  cluster  one-electron  potential  when  describing  the  rest  of  the  crystal  in 
shell  model  terms. 

Key  words:  Electronic  structure;  embedded  cluster;  point  defect. 


1  INTRODUCTION 

The  available  theoretical  methods  for  the  defect  electronic  structure  calculations  provide 
contradictory  results  even  in  the  case  of  the  simplest  defects  (F-center  in  NaCTdnd  MgOy~^ , 
The  contradictions  are  due  to  the  absence  of  a  satisfactory  solution  of  the  problem  of  the 
self-consistent  calculation  of  electron  distribution  and  lattice  distortion  near  the  defect. 

If  we  consider  concrete  computation  methods  we  can  see  that  the  most  effective  way  of 
investigating  the  defect  electronic  structure  is  the  use  of  the  embedded  cluster  models  based 
on  this  or  that  cluster  method  (CM)  and  the  Mott-Littleton  method  (MLM)  or  the  molecular 
statics  method  for  the  description  of  displacement  and  polarisation  of  the  main  crystal 
region.  The  greatest  progress  in  the  development  of  the  embedded  cluster  model  has  been 
made  by  Vail  and  Harding  with  co-workers  (program  ICECAP' '). 

The  disadvantages  of  this  approach  are:  ( 1 )  the  use  of  the  Hartree-Fock  method  without 
taking  into  account  the  electronic  correlation  is  too  rough  but  when  taking  into  account  the 
electronic  correlation  this  method  is  not  efficient  from  the  computation  point  of  view;  (2) 
the  problem  of  association  between  MLM  and  CM  has  not  been  solved  satisfactorily  due 
to  different  treatment  of  the  charge  of  an  ion  in  the  shell  model  (SM)  and  CM. 

If  we  proceed  with  the  consideration  of  the  studies  based  on  the  local  density 
approximation  (LDA)  we  should  note  the  studies  made  in  Brazil,"  France^’  and  Russia.’ 
These  cluster  methods  are  based  on  Johnson’s  scattered  wave  (SW)  method,^  and  the  rest 
of  the  crystal  is  described  in  the  ‘muffin-tin’  approximation.  The  lattice  deformation  is  an 
input  parameter  but,  to  be  more  exact,  the  introduction  of  ion  displacements  from  equilibrium 
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is  incorrect  as  the  contribution  of  the  rest  of  the  crystal  is  calculated  only  for  a  perfect 
lattice. 


2  EMBEDDED  CLUSTER  METHOD  FOR  CALCULATION  OF  THE 
ELECTRONIC  STRUCTURE  OF  POINT  DEFECTS  IN  IONIC  CRYSTALS 

This  section  describes  the  embedded  cluster  method  based  on  the  LDA  with  a  self-consistent 
calculation  of  the  lattic  distortion  and  polarisation.^  We  have  chose  the  scattered  wave 
method  with  an  original  programmed  realization  of  the  MUSCAT'^  and  the  Mott-Littleton 
method  with  the  shell  model  (original  molecular  statics  program — MOLSTAT”’)  as  the 
base  for  our  model.  Our  approach  consists  in  the  following. 

2. 1  Modification  of  the  MOLSTAT  Program 

MLM  has  been  modified  to  de.scribe  the  defect  wave  function  as  hydrogenic  function  with 
variational  parameters.  Let’s  consider  it  by  the  example  of  the  F-center.  We  use  hydrogenic 
functions  of  the  type: 


^  =  A^(/y(H),  (/,)  .  r),  ( 1 ) 

where  A  is  the  angle  part,  R  is  the  radial  part,  A  is  the  variational  parameter. 

Energy  of  interaction  of  the  defect  electronic  density  with  the  point  lattice  ions  can 
be  written  as  follows: 


£/'  =  l{^;V/(r,%A)  +  .7;V/(r;,A)|  (2) 

where  ,  cf — is  the  charges  of  the  nuclei  and  shells  of  the  lattice  ions  in  the  ‘shell  model’, 
Vfir) — is  the  Coulomb  potential  created  by  the  defect  inpoint  r. 

For  the  ground  state  (/‘^  Lv)  it  looks  like: 


v:'=(r.X): 


(3) 


where  a  is  the  interionic  distance,  e — charge  of  electron.  For  the  exited  state  it  is  given 
elsewhere.”  Then  the  total  energy  of  a  defected  crystal  will  be  written  as: 

Ef(k )  =  fA )  +  Efa.i  )  +  Efu^.^  )  (4) 

where  ^  are  crystal  lattice  ions  displacements  corresponding  to  value  A,  E''i'' — energy  of 
the  defected  crystal  distortion  (including  crystal  polarization  energy  and  short-range  part 
of  energy  changes),  — kinetic  energy  of  the  F-center  electron. 


Tests.  To  test  the  proposed  model  we  calculated  energy  of  absorption,  emission  and 
lattice  distortions  for  the  F-center  in  the  NaCI  crystal.  Dependence  of  the  total  energy  of 
the  F-center  for  ground  and  excites  states  on  parameter  A  has  been  obtained.  Calculations 
of  Ef  and  minimization  of  E^  by  displacements  ^  at  present  A  was  performed  by  the 
gradient  method  in  the  framework  of  MLM  according  to  MOLSTST,"’  ”  and  the  optimum 
value  A„^„  was  determine  from  the  position  of  the  total  energy  dependence  minimum.  A 
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satisfactory  agreement  with  the  data  available'"  speaks  of  the  correctness  of  the 
modification  proposed. 

2.2  Quantum-Chemical  calculations 

To  connect  the  muffin  -tin  description  of  electron  density  (the  S  W  method)  with  hydrogenic 
form  Lowdin’s  partitional  procedure  was  used.  This  procedure  allow  us  to  connect  the 
many-center  representation  of  density  with  the  once-center  representation.  This  function 
by  the  least  square  method  fitted  to  the  hydrogenic  form  which  enabled  us  to  determine 
variational  parameter  A,  and,  thus,  to  proceed  with  the  calculations  of  the  displacements 
and  potential  contributions  of  the  ML  method,  closing  the  circle  of  combining  the  models. 

2.3  Construction  of  the  Potential 

The  formalism  of  the  construction  of  the  cluster  one-electron  potential  when  describing 
the  rest  of  the  crystal  in  ML  terms  consist  in  the  following.  Cluster  one-electron  states  for 
the  defect  can  be  divided  into  two  groups:  energies  and  wave  functions  of  the  defect  and 
energies  and  wave  functions  corresponding  to  the  valence  band  (VB)  of  a  perfect  crystal. 
At  this  point  the  electron  density  can  be  represented  in  the  form  of  two  charge  distributions: 
the  charge  density  of  the  lattice  regular  ion  and  the  density  corresponding  to  the  defect.  By 
introducing  the  ‘atomic  spheres’  approximation  the  part  of  the  Coulomb  potential  from 
the  first  charge  distribution  (infinite)  can  be  easily  calculated  by  the  ML  method.  The 
cluster  part  of  the  Coulomb  potential  for  the  second  charge  distribution  is  calculated  as  in 
‘muffin-tin’  models. 

2.4  Self-interaction  Correction 

A  scheme  taking  into  account  the  self-interaction  correction  for  the  defect  states  and  perfect 
crystal  states  has  been  realised  in  the  Perdew-Zunger  approximation '  \  For  the  cluster  one- 
electron  states,  modelling  the  valence  band  of  a  perfect  crystal  we  used  the  averaged 
exchange — correlation  potential  with  the  self-interaction  correction  in  accordance  with.‘^ 

2.5  Self-consistency 

The  described  procedure  appears  to  be  self-consistent,  and  when  self-consistency  having 
been  achieved  we  have  a  one-electron  spectrum  obtained  in  the  framework  of  CM  and  a 
lattice  configuration  obtained  by  the  Ml  method.  The  parameter  of  self-consistency  of  this 
models  is  the  defect  electron  density  fitted  to  hydrogenic  form. 


3  RESULTS 

3. 1  F -center  in  NaCl 

F-center  in  quantum  chemical  calculations  was  simulated  by  clusters  including  six 
coordination  spheres  of  the  vacancy  (V):  |  VNoy^Cfi].  Details  and  parameters  of  calculations 
are  described  elsewhere.^ 

For  the  ground  state  of  the  F-center  in  NaCl  relaxations  of  neighboring  ions  were: 
=  +().()0()  L  ^2  =  -0.0 1  L  =  -0.004  and  for  the  relaxed  exited  state  they  were  =  +0.068, 
=  -0.018,  =-0.005.  Relaxation  is  given  in  the  units  of  the  shorte.st  interionic  distance 
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a  =  2.79  A.  With  ^  ‘+'  corresponds  to  ion  relaxation  from  the  vacancy  (outward),  and 
corresponds  to  ion  relaxation  to  the  vacancy  (inward). 

The  calculated  value  of  the  isotropic  part  of  hyperhne  splitting  a  in  accord  with  to 
experimental  data  as  well  as  the  pseudopotential  calculation  data.'"'  Absorption  energy  Eab, 
calculated  as  different  between  one-electron  energies  of  empty  state  and  occupied  state 
a,,,  was  E"'  =  3.08  eV  (£  J  =  2.77  eV)  and  =  1 .69  eV  (£;:;'  =  0.98  eV). 

3.2  F-like  centers  in  M^O 

From  the  point  of  view  of  the  theoretical  methods  the  interest  for  investigation  of  F-like 
centers  is  due  to  their  ability  to  be  modelled  for  the  better  understanding  of  F-like  center 
structures  in  compound  oxide  crystals.  Within  the  framework  of  the  developed  model 
calculations  of  the  electronic  structure  of  the  F-center  in  NaCl,  pure  anion  vacancy,  and 
F-centers  in  MgO  were  made.  Clusters  were  examined.''’ 

The  calculated  relaxation  values  were:  for  pure  vacancy  ( V),  =  -i-().087,  =  -0.053, 

=  +0.0 1 5,  ^4  =  -0.004,  ^  +0.0 1 5,  4  =  -0.0 1 0  for  the  T  center:  =  +0.052,  -0.028, 

=  +0.003,  ^4  =  +0.002,  -  +0.01 1,  =  -0.006  and  for  the  /^-center  -  +0.032, 

=-0.012,  ^4  =  -0.005,  ^4  =  +0.006,  ^^4  =  +0.007,  =  +0.01  I  inMgO.  (Values  of  relaxations 

are  given  in  units  from  a  =  2 A06  A). 

In  general  the  data  obtained  agree  with  the  data  provided  in.'  It  should  be  noted  that 
the  relaxation  values  of  the  nearest  neighbours  for  the  F-center  in  MgOuve  rather  significant 
compared  to  its  analogue  on  alkali-halides.  This  is  due  to  a  greater  delocalization  wave 
function  of  the  F-center  in  MgO  in  comparison  with  the  F-center  in  alkali-halides  (NaCl), 
which  is  testified  by  the  results  of  the  partial  charge  distribution  analysis.''’  Calculation 
within  the  given  model  permits  to  determinate  the  position  of  defect  ground  state  a^..  relative 
to  the  bands  of  a  perfect  crystal.  According  to  cluster  calculations  (VMg^,^0:^2)  Ihe  main 
electronic  vacancy  state  r/,,.  is  displaced  by  the  amount  of  —2.8  eV  from  VF,  F^  center 
-0.45  eV,  F-center  -2.9eV' 

This  results  show  that  the  presence  of  the  ground  state  of  a  pure  anion  vacancy  in  the 
VB  of  a  perfect  Crystal,  which  is  typical  of  the  methods  based  on  the  local  density 
approximation’  '^  is  an  error  of  LDA  models  and  is  associated  with  the  fact  that  SIC  and  ion 
relaxation  in  the  vicinity  of  the  defect  are  not  taken  into  account. 

The  obtained  absorption  energies  were:  the  F^  center  F,,/,  =  6.2  eV,  F  center  = 
5.5  eV.  The  transistion  state  procedure  provides  values  F^  center  F/,),=  5.6  eV,  F-center  F'), 
=  5.2  eV,  which  also  do  not  agree  with  the  experimental  data:  F^  center  F,,/,  =  4.95  eV,  F 
center  F^,/,  =  5.0  eV.  Over-estimated  values  of  F^,/,  are  characteristic  of  the  F-center 
calculations  in  alkali-halides  too  and  are  associated  with  of  the  roughness  the  description 
of  F-center  exited  states  in  a  cluster  model. 


SUMMARY 

The  efficiency  of  the  proposed  variant  of  combination  of  the  cluster  method  of  scattered 
waves  and  the  method  of  molecular  statics  in  the  investigation  of  the  electronic  structure 
of  point  defects  in  ionic  crystals  is  demonstrated  by  the  example  of  calculations  of  the  F 
center  electronic  structure  in  ionic  crystals. 
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We  discuss  the  nature  of  the  defects  involved  in  the  incorporation  of  hydrogen  in  oxides  and  silicates.  We 
describe  how  computational  techniques  may  be  used  to  investige  the  structures  and  energies  of  hydrogen 
containing  defects  in  these  materials. 

Key  words:  Hydrogenic  defects;  oxides;  silicates;  computer  simulation 


1  INTRODUCTION 

There  is  a  particularly  rich  and  fascinating  defect  chemistry  associated  with  hydrogen  in 
oxides  and  silicates.  Such  defects  may  exert  a  controlling  influence  on  both  the  chemical 
and  physical  properties  of  these  materials.  Examples  include  solid  state  proton  conduction,^ 
the  crucial  yet  poorly  understood  mechanisms  of  the  reaction  of  water  with  quartz"’^  and  other 
minerals  including  olivine,  [(Mg/Fe)2Si04]  where  the  nature  and  mechanisms  of  water 
dissolution  are  of  considerable  geochemical  significance"^’^’^  and  the  role  of  Br0nsted  acid 
hydroxyl  groups  in  catalytic  aluminosilicates  There  is  nevertheless  relatively  little  knowledge 
of  the  atomistic  structures  and  reaction  mechanisms  involved  in  water  and  hydrogen  dissolution 
in  these  materials.  This  paper  will  describe  the  types  of  defect  and  defect  reactions  which 
may  occur  when  hydrogen  is  incorporated  in  oxide  and  silicate  systems  and  will  emphasise 
the  role  computational  techniques — both  simulations,  based  on  interatomic  potentials  and  ab 
initio  quantum  mechanical  techniques — in  providing  valuable  quantitative  information  as  to 
both  the  structure  and  stabilities  of  the  hydrogen  containing  defects  and  to  the  energetics  of 
the  corresponding  defect  reactions.  We  will  consider  binary  oxides,  (specifically  MgO),  and 
a  range  of  minerals,  notably  quartz,  garnets,  olivine  and  microporous  catalytic  aluminosilicates, 
which  exhibit  a  rich  variety  of  hydrogen  containing  defect  chemistry. 


2  REACTION  MECHANISMS 

Let  us  consider  first  the  mechanisms  whereby  water  may  dissolve  in  these  materials,  for 
which  there  are  the  following  five  broad  classes  of  reactions  (in  describing  which  the  Kroger- 
Vink  notation  will  be  used): 

(/)  Interstitial  formation 


in  which  the  water  is  incorporated  at  an  interstitial  site  without  reaction.  This  simple  process 
may  be  of  considerable  importance  in  more  open  structures,  especially  zeolitic  materials, 
and  may  be  of  significance  in  quartz. 
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(ii)  Reaction  with  oxygen  vacancies 

Oo  +  V0H2O ->  2(OH)  . 

Here,  and  incoming  water  molecule  fills  an  oxygen  vacancy  creating  an  OH  group  after 
donation  of  a  proton  to  another  oxygen  ion. 

{ Hi )  Hydrolysed  cation  vacancy  formation 

+  nO  +  |h,0  ^  [Vm^(OH)„  ]+‘M0’^,, 

where  n  is  the  charge  state/valence  of  the  cation.  In  these  reactions,  cations  are  displaced 
to  the  surface  to  form  new  oxide  material  and  the  appropriate  number  of  surrounding  oxygen 
ions  are  protonated  (by  the  dissolution  of  water  molecules)  to  achieve  electroneutrality. 


(iv)  Bridging  oxygen  hydrolysis 

/°\ 

M/  \  M  +  H2O  ^  M— OH  HO— M, 

in  which  water  attacks  an  oxygen  bridging  two  metal  atoms  in  a  framework  structure,  e.g. 
a  silicate,  with  resulting  bond  rupture  and  the  creation  of  two  hydroxyl  groups. 


(v)  Protonation  of  basic  sites 

A'm  +  +  H2O  ^  (A  OH)  +  OH-, 

where  A  corresponds  to  a  low  valence  substitutional  creating  an  effective  negative  charge 
which  enhances  the  basicity  of  the  neighbouring  oxygen  site  which  may  then  accept  a 
proton  from  a  water  molecule.  The  remaining  hydroxyl  group  is  likely  to  occupy  a  nearby 
position  in  the  structure. 

We  should  contrast  these  mechanisms  with  those  operative  for  hydrogen  molecule 
incorporation  for  which  we  propose  three  principal  classes  of  mechanism: 

(i)  Interstitial  formation 


^  (H2)i, 

which  is  of  course  exactly  analogous  to  the  corresponding  reaction  involving  water,  unlike 
the  case  for  the  following  two  incorporation  mechanisms,  which  involved  oxidative 
processes. 


(ii)  Oxidation  of  hydrogen  with  hole  annihilation 

2h*  +20o  +  H2->2(OH)-, 

which  requires  the  presence  of  excess  holes  due  to  acceptor  impurities.  Alternatively  we 
may  have: 
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(Hi)  Oxidation  of  hydrogen  by  electron  creation 

20o  +  H2-^2(OH)-  +2e', 

which  will  of  course  necessitate  the  presence  of  low  energy  states  for  conduction  band 
electrons. 

We  should  emphasise  the  contrast  between  the  redox  processes  compared  with  the 
protonation  acid/base  reactions  involved  in  water  incorporation.  The  remainder  of  this 
paper  will  concentrate  on  the  latter  reactions;  but  the  theoretical  and  computational 
approaches  described  are  generally  applicable. 


3  THEORETICAL  METHODS 

We  use  standard  Mott  Littleton  techniques'’^’ and  ab  initio  cluster  calculations  to  evaluate 
the  structures  and  energies  of  the  hydrogen  containing  defects.  The  former  calculations 
employed  well  establish  interatomic  potentials  (see  references  10,1 1,12)  and  the  latter,  ab 
initio  pseudopotential  LDF  techniques  on  clusters  containing  between  30  and  60  atoms, 
with  hydrogen  termination  of  the  outermost  oxygen  atoms.  Detailed  discussions  are  given 
in  references  13  and  14.  We  note  that  the  Mott  Littleton  simulations  of  OH  containing 
groups  treated  the  latter  using  a  standard  Morse  potential. 


4  CASE  STUDIES 
(i)  MgO 

The  relevant  reactions  here  are  oxygen  vacancy  filling  and  hydrolysed  cation  vacancy 
formation,  which  we  can  represent  as  follows: 

Vo  +  Oo  +  H2O  ^  2(OH)-, 

MgMg  +  2O0  +  H2O  ^  [VMg(OH)2]  +  MgO. 

The  hydrolysed  cation  vacancy  has  two  possible  structures  as  shown  in  Figure  1 .  Calculations 
indicate  that  the  linear  structure  has  a  lower  energy,  and  the  reaction  energetics  reported 
subsequently  are  based  on  the  calculated  energy  for  this  species.  We  note  that  an  interesting 
decomposition  mechanism,  also  shown  in  Figure  1,  has  been  suggested  by  Freund‘S  for  the 
non-linear  species;  it  involves  loss  of  hydrogen  molecule  with  resulting  creation  of  aperoxy 
ion  trapped  at  the  cation  vacancy. 

Evaluation  of  the  energies  of  reaction  requires  use  of  Born-Haber  cycles  in  which  the 
energy  of  the  proton  transfer  reaction:  O^"  +  H2O  — >  20H",  plays  a  key  role.  The  latter 
energy  is  taken  from  standard  theremochemical  data,  as  discussed  by  Wright  and  Catlow*^, 
where  there  are  also  further  details  of  the  construction  of  the  thermodynamic  cycles. 

Our  Mott-Littleton  calculations  yield  reaction  of  5 .8  eV  for  the  hydrolysed  cation  vacancy 
formation  reaction  and  4.9  eV  for  the  oxygen  vacancy  filling.  We  conclude  therefore  that 
even  in  the  presence  of  ‘acceptor’  impurities,  such  as  Li"^,  which  promote  oxygen  vacancy 
formation,  water  solubility  will  be  low  in  MgO.  Very  low  levels  of  (OH)'  and  of  [VMg(OH)2] 
species  would,  however,  be  expected  at  higher  temperatures.  We  note  also  that  the  latter 
species  is  very  strongly  bound  with  the  energy  required  to  effect  dissociation  into  component 
and  OH'  defects  being  -3.5  eV. 
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FIGURE  1  Cation  vacancy — hydroxyl  clusters  in  MgO.  The  proposed  mechanism  of  H2  loss  for  the  non¬ 
linear  cluster  is  indicated. 


f  a )  Hydrogarnet 

This  system  acts  as  a  test  case  for  the  ability  of  our  methodologies  to  investigate  vacancy 
defects  in  silicates.  The  hydrogarnet  structure  contains  hydrolysed  silicon  vacancies.  We 
therefore  calculated  the  energetics  of  formation  of  these  species  in  the  grossular  end  member 
of  the  series. (/.e.  Ca3Al2Si30,2) 

The  reaction  involved  can  be  represented  as 

Sis;  +  40o  +  2H20^[V,(OH)J 

The  relevant  defect  reaction  energy  is  calculated  as  0.5  eV  per  water  molecule.^^  This  low 
value  is  compatible  with  the  ready  solution  of  water  into  this  material  to  form  the  hy  drogamet 
species.  We  will  consider  below  the  comparison  between  energy  minimised  structures  for 
this  defect,  and  those  determine  by  crystallographic  studies  of  hydrogamet. 

(in)  Quartz 

The  question  of  the  mechanism  of  water  incorporation  in  Si02  quartz  has  been  extensively 
debated  (see  for  example  Hobbs, ^  Cordier  et  al?).  Several  reactions  are  possible,  of  which 
the  following  are  the  most  important:  (i)  hydrogamet  defect  formation,  (ii)  bridging  oxygen 
hydrolysis,  (leading  to  the  formation  of  the  so-called  ‘Griggs  defect’),  (iii)  the  incorporation 
of  water  molecules  in  the  channels  of  the  quartz  structure  and  (iv)  oxygen  vacancy  filling. 
The  presence  of  water  related  species  is  also  important  when  considering  the  oxidation  of 
silicon  (Hagon  et  and  the  dissolution  of  minerals.'^ 

Purton  et  al?^  performed  LDF  cluster  calculations,  to  determine  the  stmcture  of  the 
hydrogamet  defect  within  a-quartz.  They  took  an  Si50i6Hi2  cluster  constructed  so  that  a 
Si  atom  lay  at  the  centre.  This  central  silicon  atom  was  removed  and  each  of  the  four 
surrounding  oxygen  atoms  was  protonated.  The  defect  cluster  was  then  relaxed  to  give  the 
equilibrium  configuration  in  Figure  2.  The  resulting  configuration  is  consistent  with  that 
observed  in  the  crystallographic  studies  of  hydrogamet  (see  reference  23.)  The  H  atoms 
lie  outside  the  volume  of  the  oxygen  tetrahedron  and  each  H  is  associated  with  one  face 
of  the  O  tetrahedron.  Thus  two  0-H  distances  can  be  observed — one  at  0.99  A  and  another 
at  1.87-1.92  A. 
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FIGURE  2  The  calculated  equilibrium  geometry  for  the  hydrogarnet  defect. 

LDF  cluster  calculations  were  also  performed  on  a  54  atom  (Si8026H2o)  cluster  constructed 
to  simulate  the  ‘Griggs  defect’,  (Heggie  et  The  central  bridging  oxygen  atom  was 
hydrolysed  as  discussed  in  section  2.  The  equilibrium  structure  obtained  has  the  two  hydroxyl 
groups  in  a  plane  with  the  hydrogen  atoms  pointing  away  from  one  another.  By  calculating 
the  total  energy  of  the  cluster  containing  the  ‘Griggs’  defect  and  that  of  a  cluster  of  ideal 
quartz  and  an  isolated  molecule,  an  energy  for  the  hydrolysis  of  the  bridging  oxygen  bond 
was  determined  to  be  2.3  eV.  Further  calculations  involving  larger  clusters  (approximately 
150  atoms)  are  being  undertaken  to  exclude  effects  due  to  boundary  conditions. 

Atomistic  simulations  were  performed  on  the  hydrogamet  and  ‘Griggs’  defects  in  a- 
quartz  and  in  both  cases  an  equilibrium  geometry  similar  to  the  ab  initio  calculations  was 
observed.  One  advantage  of  the  atomistic  simulations  is  that  defect  formation  energies  are 
readily  obtainable.  Furthermore,  because  of  the  consistent  nature  of  the  parameters  used, 
we  may  compare  the  two  formation  energies  in  order  to  determine  which  of  the  competing 
species  is  likely  to  be  the  most  stable.  The  defect  reaction  energies  for  formation  of  the 
hydrogamet  and  ‘Griggs’  defects  are  2.86  and  3.52  eV  per  H2O  indicating  that  the 
hydrogamet  defect  is  the  more  stable.  Further  work  is,  however,  needed  on  this  problem. 

If  ‘acceptor’  (i.e.  low  valence)  cationic  impurities  such  as  Al,  are  present,  incorporation 
of  water  by  oxygen  vacancy  filling  becomes  a  possibility.  We  therefore  investigated  the 
energetics  of  this  reaction: 


O0  + Vo  +  H20^2(0H)-, 

for  which  we  calculated  a  negative  energy  (-2.01  eV).  Thus  in  the  presence  of  even  low 
partial  pressures  of  water  vapour,  Al  impurities  in  quartz  will  in  effect  be  compensated  by 
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OH  species.  An  extensive  study  of  these  species  was  reported  by  Sim  et  They  found 
that  the  proton  is  strongly  stabilised  on  oxygen  sites  adjacent  to  the  Al;  its  energy  on  more 
distant  sites  is  -1.8  eV  higher.  Interestingly  the  proton  can  be  exchanged  for  other  cation 
species  e.g.  Lr  and  Na"^. 

Finally  we  should  consider  dissolution  of  water  molecules  in  the  channels  of  the  quartz 
structure.  Quantum  mechanical  studies  of  the  structures  and  energies  of  water  molecules 
in  quartz  were  reported  by  Hagon  et  Energies  of  -2  eV  were  calculated  for  the 
dissolution  energy  suggesting  that  such  processes  could  be  significant. 


(iv)  Olivine 

The  extent  of  water  solubility  in  olivine  has  been  extensively  debated,  as  has  the  nature  of 
the  resulting  defect  species  (Miller  et  Bell  and  Rossman;^  Bai  and  Kohlstedt.^  Let  us 
consider  first  the  three  obvious  reactions;  i.e.  hydrogarnet  defect  formation,  vacancy  filling 
and  hydrolysed  magnesium  vacancy  formation,  for  which  the  calculated  energies  per 
incorporated  water  molecule  are  given  in  Table  I. 

The  energies  of  reaction  for  the  formation  of  the  two  hydrolysed  vacancy  defects  are 
high  (>3  eV  per  water  molecule).  Oxygen  vacancy  filling  is  again  an  exothermic  process; 
but  since  this  material  is  not  normally  significantly  contaminated  with  acceptor  impurities, 
oxygen  vacancy  concentrations  are  expected  to  be  low. 

We  therefore  considered  a  fourth  possible  mechanism  for  the  solution  of  water  in  this 
material.  It  involves  a  redox  process  in  which  Fe^"^  at  magnesium  sites  (a  species  which  is 
known  to  be  present  in  appreciable  concentrations)  is  reduced  to  Fe^^  by  the  dissolving 
water,  i.e. 


2Fe-Mg  +  20„  +  H^O  +  2(OH)'  + 1 

The  calculated  energy  of  0.46  eV  is  substantially  lower  than  that  calculated  for  formation 
of  either  of  the  hydrolysed  cation  vacancies,  and  we  suggest  that  this  process  is  the  main 
mechanism  of  water  incorporation  in  olivine.  Our  suggestion  is  consistent  with  the  observed 
enhancement  of  water  solubility  in  olivine  by  iron  impurities.  Further  discussion  of  these 
calculations  is  given  by  Wright  and  Catlow.^^ 

(v)  Pervskite  structured  oxides 

Acceptor  doped  materials  with  the  persovskite  or  related  crystal  structures  are  being  used 
increasingly  as  proton  conductors — materials  which  are  of  considerable  importance  in 

TABLE  I 

Defect  reactions  (eV)  for  H2O  incorporation  in  olivine 

1 .  Hydrogamet  defect  formation: 

2H.0  +  Sis,  ^  [Vsi(OH)4]  +  ‘SiO,’  E  =  6.1 

(=  3.05  per  H2O) 

2.  Vacancy  filling: 

0„  +  Vo+  H.O  2(OH)-  E  =  -1.24 

3.  Hydrolysed  cation  vacancy  formation 

MgM,  +  20,  +  H2O  [Vm,(OH)2]  +  ‘MgO’  E  =  3.7 

4.  Reduction  of  with  protonation  of  oxygen 

2Fe„,  +20„+Hj0^2Fe„,+2(0H)  +  |02 


E  =  0,46 
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fuel  cell  technology.  Examples  are  provided  by  Yb  doped  SrCe03  (Iwahara  et  al}^)  and 
Fe^^  doped  KTa03  (Scherban  and  Nowick^^)  which  show  proton  conductivity  after  reaction 
with  water.  OH  groups  are  introduced  by  the  standard  vacancy  filling  reaction  (the 
vacancies  being  present  as  charge  compensators  for  the  dopants).  Protons  can  the  migrate 
between  oxygen  ions  by  a  tunnelling  process.  Recent  calculations  of  Cherry  et  al.^^  have 
suggested  that  the  barrier  for  proton  transfer  between  neighbouring  oxygen  ions  is  low. 
Embedded  quantum  mechanical  cluster  techniques  were  used  to  investigate  the  processes 
in  LaA103  with  the  two  nearest  neighbour  oxygens  ions  and  neighbouring  A1  ions  being 
described  quantum  mechanically  using  high  quality  basis  sets.  Hartree-Fock  Cl 
calculations  were  performed,  and  yielded  migration  barriers  of  <0,1  eV.  Tunnelling 
through  such  small  barriers  would  be  expected  to  be  a  rapid  process.  The  activation 
energy  cannot  be  equated  with  the  barrier  energy  discussed  above;  rather,  it  is  associated 
with  the  lattice  relaxation  energy  required  to  create  an  equivalent  environment  around 
both  the  sites  involved  in  the  tunnelling  process.  Calculations  of  this  energy  term  are  in 
progress. 


( vi )  Acidic  Sites  in  Aluminosilicates  and  Related  Materials 

We  have  seen  that  A1  doped  quartz  will  normally  contain  charge  compensating  protons 
present  in  well  defined  Al-OH  complexes.  The  same  species  are  found  in  the  fascinating 
group  of  microporous  aluminosilicates  known  as  zeolites  which  have  been  extensively 
studied  over  many  years  owing  to  their  unique  catalytic  properties  (see  e.g.  Thomas/  and 
Newsam^^).  Much  of  the  catalytic  behaviour  of  these  materials  can  be  attributed  to  the 
presence  of  Brpnsted  acid  centres;  the  microporous  architecture,  however,  controls  the 
nature  of  the  reactions  and  products  giving  rise  to  the  phenomenon  of  shape  selective  acid 
catalysis.  For  this  reason  the  properties  the  Brpnsted  acid  centres  in  these  materials  have 
been  intensively  studied  by  both  theoretical  and  experimental  techniques.  For  example, 
work  of  Schroder  et  al}^  used  Mott-Littleton  techniques  to  characterise  the  Al-OH  centre 
in  Zeolite  Y — the  widely  used  hydrocarbon  cracking  catalyst.  Calculations  of  vibrational 
frequencies  of  the  OH  group  are  in  good  agreement  with  the  experimental  data.  Quantum 
mechanical  techniques  have  also  been  extensively  used  in  modelling  acid  centres  in  zeolites 
and  their  interaction  with  small  molecules  (see,  for  example,  the  review  of  Sauer, and  the 
recent  work  of  Gale  et  al. 

There  has  also  been  speculation  on  the  role  of  hydrogamet  defects  (referred  to  in  the 
context  of  zeolite  science  as  ‘proton  nests’)  in  these  solids.  Further  experimental  and 
theoretical  studies  will  be  needed  to  assess  the  importance  of  such  species  in  Zeolites. 


5  SUMMARY  AND  CONCLUSION 

This  paper  has  illustrated  the  important  and  pervasive  nature  of  hydrogen  containing  defects 
in  oxide  materials.  It  has  also  demonstrated  the  significant  contribution  which  can  be  made 
by  theoretical  and  computational  techniques  in  advancing  our  understanding  of  these 
complex  defects. 
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ELECTRONIC  STRUCTURE  OF  INTRINSIC  AND 
IMPURITY  Mn-CENTRES  IN  A2BX4  CRYSTALS  WITH 
/3-K2SO4  TYPE  STRUCTURE 

I.  BOLESTA,  I.  KITYK,  Y.  FURGALA  and  S.  VELGOSH 

Department  of  Physics,  Lviv  State  University,  50,  Dragomanova  St,  Lviv,  UA290005, 

UKRAINE 

A2BX4  single  crystals  (A  =  Cs,  Rb,  N(CH3)4;  B  =  Cd,  Zn,  Mn,  Fe;  X  =  Cl,  Br,  I)  with  /?-K2S04  type  structure 
belong  to  the  compounds  with  the  different  phase  transitions  (PT),  including  PT  into  incommensurate  structure. 
The  persistence  of  the  transitions  metals  play  an  important  role  in  the  investigations  of  PT  by  the  ligands  field  in 
the  types  of  crystals,  in  particular,  in  the  vicinity  of  phase  transition.  The  nature  of  the  corresponding  phase 
transitions  is  closely  connected  with  the  tetrahedral  complexes  [B^'^X4]^“  bounded  by  A“  cations.  The  Mn^+ 
ions  were  chosen  due  ithe  persistence  of  the  five  external  d-electrons,  which  are  highly  sensitive  to  the  external 
fields.  The  present  work  deal  with  experimental  and  theoretical  investigation  of  the  electronic  band  structure  and 
optical  parameters  of  [N(CH3)4]2  MnCU  and  Cs2Cdl4  single  crystals. 

Key  words'.  Band  structure,  impurity  and  intrincis  centres. 


1  INTRODUCTION 

The  energy  parameters  of  [N(CH3)4]2  MnCU  and  Cs2Cdl4  single  crystals  were  calculated 
using  the  tight  binding  method.  Exchange-correlational  effects  were  treated  within  the 
local  density  approximation.  Interpolation  formulas  were  used  for  the  exchange-correlation 
potential  obtained  for  Ts  >  1  in^  and  for  rs  <  1  in^  in  a  form  parametrized  by  Perdew,  where 
tivistic  effects  (mass  velocity  and  Darvin  terms)  were  also  in  the  calculation. 

The  crystal  volume  was  subdivided  into  Wigner-Seitz  spheres  which  surrounded  each 
atom.  Within  each  sphere  the  potential  was  taken  spherically  symmetric.  The  set  of  basis 
functions  which  have  been  used  consisted  of  2s,  2p  N;  2s,  2p  C;  3s,  3p  Cl;  3d^  Mn^"^ 
functions  for  [N(CH3)4]2MnCl4  and  5s,  5p  I;  5s,  5p  Cd;  6s  Cs  for  Cs2Cdl4.  Atomic 
positions,  crystal  structure,  radial  atomic  functions  and  Wigner-Seitz  radii,  which  were 
equal  to  0.192  nm  for  N,  to  0.180  nm  for  C,  0.176  nm  for  Mn  and  to  0.210  nm  for  Cl  were 
used  as  the  input  parameters.  The  coincidence  of  the  two  following  energy  values  within 
0.019  a.u.  was  chosen  as  a  concordance  criterion.  Phonon  subsystem  was  taken  into 
account  using  Green  function  technique. 

The  potentials  were  presented  as  superpositions  of  the  ion  potentials  and  the 
selfconsistent  potential  due  to  the  existence  of  the  others  electrons.  The  latter  is  formed 
by  the  Hartree  term  Vm  obtained  exactly  from  Poissons  equation  and  the  Slater  exchange- 
correlation  term  Vxc-  The  starting  potential  was  unscreened.  Simultaneously  the 
contribution  of  the  electron-phonon  interaction  was  investigated. 


2  RESULTS  AND  DISCUSSION 

Figure  1  and  Figure  2  show  the  energy  band  structure  of  Cs2Cdl4  single  crystals  for  /3- 
K2SO4  and  Sr2GeS4  crystalline  type  respectively.  One  can  see,  that  the  valence  band  of 
these  crystals  are  formed  by  s”  and  p“  iodine  orbitals,  while  the  conduction  bands  are 
connected  with  s"  orbitals  of  ceasium  and  s"  and  p“  orbitals  of  cadmium.  The  calculated 
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results  show,  that  Cs2-Cdl4  single  crystals  posses  indirect  interband  transitions,  since,  the 
maximum  of  valence  band  is  located  in  P-point  in  Brilluwen  zone  and  the  minimum  of 
conductive  band  near  T-point  for  /3-K2SO4  type  structure  and  near  Z-point  for  ST2GCS4 
type  structure.  The  calculated  value  of  Eg  is  equal:  3.53  and  3.59  eV  in  P-point  for 
/3-K2SO4  and  Sr2GeS4  crystalline  type  respectively,  and  3.51  for  both  type  structures  for 
the  shortest  interband  transitions.  The  PT  in  Cs2Cdl4  from  /3-K2SO4  to  Sr2GeS4  crystalline 
type  causes  the  shift  of  valence  band  maximum  from  Z-  to  T-point. 

[Mn^“^Cl4]^“  clusters  are  the  structure  elements  of  [N(CH3)4]2  MnCU.  The  calculations 
were  performed  for  the  different  types  of  the  clusters:  cluster  in  vacuo,  cluster  with 
environment  and  the  clusters  with  the  accounting  of  the  electron-phonon  interaction. 
Besides  the  positions  of  the  energy  terms  for  different  temperatures  T  =  273  K,  T  =  261  K 
and  T  =  168  K,  which  correspond  to  the  different  crystalline  phases  was  investigated.  The 
obtained  results  are  presented  in  Figure  3.  Coming  out  from  the  obtained  results  the  main 
features  of  the  optical  spectra  were  calculated.  It  was  revealed  that  only  the  accounting  of 
the  electron-phonon  interaction  can  give  the  results  which  are  in  good  accordance  with 
experiment.  From  the  same  figure  one  can  see  that  all  the  optical  transitions  occur  from  the 
ground  state^Ai.  The  phase  transitions  have  a  great  influence  on  the  positions  of  the  main 
term  energy  positions. 

All  the  obtained  data  indicate  an  important  role  of  the  electron-phone  interaction  in  the 
formation  of  the  optical  spectra  in  A2BX4  single  crystals  with  the  transitional  metals. 
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The  electronic  bands  of  a  LiByO^  (LBO)  crystal  with  excellent  nonlinear  optical  properties  have  been  studied 
using  the  scattered-wave  method  in  embedded-cluster  model.  Calculations  were  carried  out  for  a 
cluster,  as  this  anionic  group  is  the  crystal  basic  structural  unit.  The  interpretation  of  experimental 
photoemission  spectra  is  based  on  electronic  structure  cluster  calculations.  From  calculation  performed,  it 
follows  that  the  contribution  of  trigonal  and  tetrahedral  boron-oxygen  groups  dominates  in  the  electronic 
structure  of  LBO,  the  contribution  of  2/?-boron  states  is  immaterial. 


Key  words:  Lithium  triborate,  LiB^O^,  electronic  structure,  cluster  calculation. 


1  INTRODUCTION 

Lithium  triborate  LiB^O^  (LBO)  is  a  new  nonlinear  optical  material  enjoying  different 
applications  such  as  second  harmonic  generation,  optical  parametric  oscillators,  optical 
wave-guide  devices,  etc.  Another  important  characteristic  of  LBO  is  the  extent  of  its 
transparency  range,  from  160  to  3500  nm,  which  makes  it  useful  for  application  in  the  deep 
ultraviolet  range.  LBO  crystallizes  in  a  complex  orthorhombic  cell  with  four  formula  units 
per  cell.^  The  space  group  is  Pna2^,  with  the  crystal  parameters  a  =  8.46  A,  ^  =  5.13  A,  and 
c  =  7.38  A.  It  is  well  known  that  boron  can  be  bound  by  either  three  or  four  oxygen  atoms 
to  form  two  structurally  different  molecular  units,  a  trigonal  BO^,  group  and  a  tetrahedral 
BO^  group.  Nonlinear  optical  and  spectroscopic  properties  of  a  number  of  borate  materials 
depend  largely  on  the  unique  way  in  which  the  two  base  units  combine  because  of  different 
electronic  bonding  characteristics  of  these  base  groups.  Therefore,  a  thorough  understanding 
of  the  relationship  between  the  electronic  bands  and  the  crystal  structure  is  very  important. 


2  CALCULATION  DETAILS 

We  studied  the  valence-band  (VB)  structure  of  LBO  by  X-ray  photoemission  spectroscopy 
(XPS)  using  large  crystals  of  high  optical  quality.^  The  interpretation  of  photoelectron 
spectra  is  based  on  the  electron  structure  cluster  calculations.  We  used  a  scattered- wave 
method  in  an  embedded-cluster  model*^  '^  to  determine  the  VB  density  of  electronic  states. 
Since  the  crystal  structure  of  LBO  is  not  simple,  the  cluster  approach  is  the  preferred  method 
for  analyzing  the  electronic  bands  of  this  material.^  Calculations  were  carried  out  on  [^307]^“ 
cluster,  as  this  anionic  group  is  a  basic  structural  unit  of  the  crystal  being  studied  (C2^,  point 
group  symmetry)  (Figure  1),  This  anionic  group  consists  of  one  tetrahedral  BO^  unit  and 
two  plane  trigonal  5O3  units.  These  two  types  of  borate  group  are  linked  to  form  a  B — O 
network,  the  Li  atoms  are  located  at  a  open  interstitial  site  of  the  network.  The  nearest- 
neighbor  (NN)  B — O  bonding  distance  is  between  1.37  (trigonal  bonds  B — O)  and  1.47 
(tetrahedral  bonds  B—0)  A.  The  NN  Li — O  bonding  distance  are  much  larger,  ranging 
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from  1.98to2,18A.  The  interaction  between  the  Li  cation  and  the  [5307]^"  group  is  neglected 
in  our  analysis.  The  cluster  potential  was  taken  in  the  ‘muffin- tin’  (MT)  approach.  The  radii 
of  cluster  MT-spheres  were  taken = 1 .06  A  and  =  0.40  A.  The  self-interaction  correction 
potential  was  performed  in  the  Vosko-Vilk-Nusair  form.^  The  calculations  were  self- 
consistent. 


3  CALCULATION  RESULTS  AND  DISCUSSION 

In  Figure  2  we  show  the  energy  levels  of  cluster  molecular  orbitals  (MO).  From  Figure  2 
it  follows  that  the  filled  states  the  MO  of  a  [^307]^“  cluster  form  two  well-defined  groups. 
One  includes  MO  lowest  energy  (Iaj,  2&i,...,4fli)  and  is  due  to  the  hybridization  02s  MO 
(core-like  states).  The  second  group  of  MO  (1^2,  5ai,..,,3a2)  is  formed  by  02p  states  split 
in  the  crystal  field  and  belong  to  the  ‘upper’  VB  (UVB)  of  a  perfect  crystal.  The  whole 
UVB  can  be  subdivided  into  three  subgroups.  A  dominant  contribution  to  the  orbitals  of 
the  top  UVB  is  made  by  nonboding  7r-type  2p  MO  (6Z?i,...,3«2)  of  0{\)  and  0(2)  atoms. 
The  middle  UVB  orbitals  is  constituted  mainly  by  different  types  of  2p  MO 
of  0(3)  and  0(4)  atoms.  Finally,  the  bottom  UVB  consist  of  bonding  (r-type  2p  MO  (lfif2»*  • 
3/73)  of  0(1)  and  0(2)  atoms. 

Our  results  agree  qualitatively  with  other  cluster  calculation.^  Our  data  and  the  results 
of  Ref.  7  coincide  in  the  numbers  of  identical  symmetry  states  for  each  group  but  differ 
in  sequence  within  each  group.  In  contradistinction  to  our  conclusions,  the  authors  of 
Ref.  7  have  interpreted  the  MO  2b2,  4<3i,  7^72,...,  3^2  as  formed  by  dangling  bonds  due  to 
the  bonds  of  quantum  cluster  and  the  rest  of  crystal.  Therefore  the  above  authors  exclude 
the  contribution  that  these  states  make  to  the  formation  of  the  electronic  structure  of  the 
crystal  as  a  whole.  The  discrepancies  that  have  arisen  can  be  explained  by  features  peculiar 
to  the  models  used.  Thus  Ref.  7  disregarded  the  Coulomb  contributions  by  the  rest  of 
crystal,  a  fact  which  should  lead  to  distortion  of  the  Coulomb  potential  for  periphery 
cluster  ions.^ 
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The  calculation  that  we  have  performed  shows  that  the  partial  densities  of  states  (PDOS) 
of  0(1)  and  0(2)  atoms  (tetrahedral  position)  are  close  to  one  another.  Figure  3.  An 
analogous  conclusion  may  be  drawn  about  the  similarity  of  the  PDOS  of  0(3)  and  0(4) 
atoms  (trigonal  position).  At  the  same  time  the  PDOS  of  0(1)  atoms  differs  considerable 
from  that  of  0(3)  atoms.  In  terms  of  the  energy  band  structure  one  can  talk  of  the 
nonequivalence  of  pairs  of  oxygen  atoms  in  tetrahedral  and  trigonal  positions.  To  prove 
this,  we  calculated  Madelung-type  potential  contributions,  witch  are  an  anion-position 
potential  induced  by  a  point  lattice.  The  data  obtained  (0(1),  0(2)  and  0(3) — 31.4  eV, 
0(4) — 32.7  eV)  show  that  the  Coulomb  contributions  to  the  anion-position  potentials  of 
an  LBO  crystal  are  approximately  the  same,  a  circumstance  that  does  not  permit  one  to 
speak  of  the  nonequivalence  of  the  energy  structure  of  anions.  Therefore,  nonequivalence 
of  the  DOS  of  oxygen  ions  occupying  tetrahedral  and  trigonal  positions  stems  from  the 
peculiar  position  of  ions  in  a  cluster  or,  put  in  other  words,  from  features  peculiar 

to  the  structure  of  the  base  crystal  unit  of  LBO,  i.e.,  the  anion  group  ,  This 

assumption  agrees  with  the  conclusions  of  Ref.  8,  Note  also  that  according  to  calculation, 
the  boron  atoms  make  only  an  immaterial  contribution  to  the  formation  of  LBO  crystal’s 
valence  band. 
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The  charge  distribution  corresponding  to  a  cluster  is  presented  in  the  below 

Table.  The  charges  for  the  corresponding  region  have  been  obtained  by  integration  of  the 
electron  density  function  determined  for  these  regions.  The  electronic  charge  equal  to  8.52 
is  localized  in  the  intersphere  region.  Such  electron  density  behavior  comes  from  a  relatively 
large  charge  delocalization  in  the  anion  MT-spheres.  The  anion  sphere  effective  charge 
ranges  from  0.73  to  0.91,  values  which  differ  from  the  hypothetic  oxygen  ionic  charge  in 
this  material,  -2.  A  tendency  for  a  greater  delocalization  of  the  anion  electronic  charge  is 
also  observed  at  other  values  of  MT-radius,  The  greater  delocalization  of  the  anion  electronic 
charge  may  be  connected  with  an  electron  that  has  left  an  anion  sphere,  as  it  is  the  case 
with  MgO? 


TABLE  I 

The  electronic  charge  distributions  cluster  (in  electron  charge  unit) 


region 

nuclear 

charge 

electronic 

charge 

MT-radius, 

A 

B{\) 

5 

1.98 

0.40 

B{2) 

5 

1.98 

0.40 

0{\) 

8 

8.73 

1.06 

0(2) 

8 

8.73 

1.06 

0(3) 

8 

8.86 

1.06 

0(4) 

8 

8.92 

1.06 

Qi 

0 

8.52 

— 

Q,n„ 

0 

0.01 

4.94 

Qi — intersphere  charge;  — outside  cluster  charge 


The  data  on  molecular  orbitals  (Figure  2)  forming  the  electron  structure  of  a  [^307]^"  cluster 
permit  unambiguous  identification  of  XPS  data.  In  Figure  3  we  show  DOS  a  PDOS  of  a 
[^307]^^  cluster  against  experimental  valence  band  XPS.  The  cluster’ s  energy  structure  give 
a  good  fit  to  experiment.  Thus,  the  gap  between  the  ‘lower’  VB  and  the  UVB  is  equal  6.54 
eV.  The  centre  of  the  ‘lower’  VB  lies  near  energies  — 24  eV  with  respect  to  ‘absolute’ 
zero.  This  is  in  quantitative  agreement  with  XPS  data.  The  top-middle  and  middle-bottom 
gaps  in  the  UVB  are  equal  to  1.83  and  1.19  eV,  respectively.  In  according  calculation,  the 
width  of  the  UVB  is  ~  1 1 .5  eV  Such  a  structure  of  the  UVB  good  fits  with  the  XPS  spectrum. 
Peak  A  (Figure  3  (a))  is  due  mainly  to  the  superposition  of  the  bonding  cr-type  2p  MO  of 
tetrahedral-coordination  anions.  A  dominant  to  peak  B  is  made  by  trigonal-coordination 
anions,  while  peak  C  is  formed  chiefly  by  nonbonding  Ti-type  MO  of  tetrahedral- 
coordination  anions.  The  contribution  to  the  XPS  peak  due  to  core-like  states  02s  comes 
from  the  MO  formed  by  the  (92.y-states  of  all  anion  type.  Note  that  according  to  calculations, 
a  minigap  of  1  eV  exists  between  the  2s  MO  of  tetrahedral-  and  trigonal-coordination 
anions.  Possibly,  it  is  fact  that  explains  the  presence  in  the  XPS  spectrum  of  a  ‘shoulder’ 
in  core-like  02s  band  from  the  lower-energy  side  (Figure  3  (a)). 


4  CONCLUSIONS 

Thus  the  energy  band  structure  calculations  performed  in  this  study  of  a  perfect  crystal 
LBO  give  a  good  fit  to  experimental  data,  permitting  us  to  assert  that  the  proposed  model 
and  the  scattered-wave  method  are  adequate  in  simulating  the  electronic  structure  of  the 
crystal  involved.  The  computed  electronic  structure  shows  a  close  relationship  between 
energy  band  structure  and  crystallography  structure  for  LBO.  The  results  obtained 


ELECTRONIC  STRUCTURE  OF  A  NONLINEAR  OPTICAL  CRYSTAL 


73 


£,  eV 

FIGURE  3  (a)  Valence  band  XPS  spectrum  for  LBO  (1)  and  culculated  valence  band  (2).  Calculated  PDOS: 

(b)  0(1),  0(2)  atoms,  (c)  0(3),  0(4)  atoms,  and  (d)  B(l),  B{2)  atoms. 


substantiate  the  possibility  of  extending  our  models  to  include  point  defects  calculations 
for  LBO  crystals,  the  goal  of  our  subsequent  research. 
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The  electron  structure  of  the  oxygen  vacancy  in  SrTi03  has  been  computed  for  the  first  time  in  frames  of  the 
approach  that  does  not  use  a  basis.  The  SCF  Xa  SW  technique  is  used  for  this  purpose.  The  clusters  considered 
have  4  coordination  spheres  included,  A  satisfactory  agreement  with  experiment  is  obtained  for  the  cluster 
modeling  the  ideal  crystal. 

It  is  found  that  the  lowest  unoccupied  state  of  the  cluster  modeling  the  double-charged  oxygen  vacancy  is 
of  the  alg  symmetry,  and  it  is  localized  in  the  sphere  of  vacant  site  for  34%,  in  cation  spheres  -for  20%.  The 
potential  reaches  its  maximum  value  in  the  vicinity  of  vacancy  center.  It  means  that  a  strong  localization  of  an 
a,g-state  in  the  vicinity  of  Vf  is  possible  only  due  to  the  multiple  scattering  of  the  electron  wave  at  the  nearest 
neighbors.  Perovskite,  oxygen  vacancy,  electronic  structure. 

Key  words:  Oxygen  vacancy,  oxides,  electronic  structure 


The  outstanding  importance  of  the  oxygen  vacancies  (V^,)  in  the  formation  of  numerous 
significant  features  of  perovskite  oxides  has  been  repeatedly  confirmed  by  the  experiments. 
Still  there  are  only  few  theoretical  studies  implemented  mainly  by  the  tight-binding  or  by 
the  discrete  variational  Xa  methods  [1-4].  We  are  aware  of  the  only  calculation  of  the  V^- 
features  in  YBa2Cu307  [5]  that  has  been  performed  non-selfconsistently  and  in  frames  of 
an  approach  that  makes  no  use  of  a  basis.  The  merits  of  tight  binding  method  are  well 
known,  however  the  choice  of  a  proper  basis  poses  a  difficult  problem  (for  discussion  of 
this  point,  see  [6]).  Here,  the  first  results  of  a  Vo-calculation  in  SrTiOg  by  the  SCF  Xa  SW 
technique  that  makes  no  use  of  a  basis,  are  presented.  Recently  this  approach  has  been 
successfully  applied  by  us  to  the  KCl  F-center  calculation  [7] . 

The  clusters  (0Ti208Sr402)^  and  (Ti208Sr402)^^^"^^  considered,  consist  of:  the  central 
oxygen  atom  or  an  empty  sphere  of  the  same  radius  replacing  it,  and  16  atoms  of  its  nearest 
neighbourhood.  The  charge  of  the  whole  cluster  depends  on  the  number  of  electrons  at  the 
Vo  site:  n  =  1  for  the  single-charged  vacancy  occupied  by  1  electron;  n  =  2  for  the  double- 
charged  vacancy  The  a-constants  for  exchange  are  taken  from  the  well  known  paper 
by  Schwarz.  The  value  of  a  used  for  the  empty  sphere  is  the  same  as  for  the  oxygen  atom. 
The  computations  had  been  carried  out  until  the  electron  density  difference  at  two  subsequent 
iterations  is  less  than  0.01  a.u.  The  MT-spheres  radii  for  0-,  Ti-,  and  Sr-atoms  are  equal 
to  2.14,  1.55,  and  2.98  a.u.,  respectively.  The  cores  had  not  been  frozen. 

The  core  energies  of  oxygen  atoms  entering  the  different  co-ordination  spheres  of  the 
cluster  that  models  the  ideal  crystal,  differ  less  than  for  0.03%.  The  energies  of  the  semicore 
levels  Sr  4p,  02s,  Sr4s,  and  Ti  3p  agree  satisfactorily  with  the  experiment  (theoretical 
values  1.11,  1.06-1.21,  2.33,  2.56  Ry  may  be  compared  with  the  experimental  ones  [8] 
1.20,  1.18-1.27,  2.48,  2.51,  respective  to  the  valence  band  top).  The  with  3.0  eV  of  the 
forbidden  gap  computed  for  this  cluster  is  close  to  the  experimental  value  of  3.2  eV. 

The  one-electron  level  diagrams  for  all  clusters  considered  are  displayed  in  Figure  1 . 
The  uppermost  occupied  levels  of  the  valence  ‘bands’  are  coincided.  The  corresponding 


75 


76 


M.  A.  BUNIN  ETAL. 


FIGURE  1 .  One-electron  level  diagram  for  the  cluster  0Ti208Sr402,  that  models  the  ideal  crystal  ( 1 ),  and  for 
the  cluster  ,  □Ti208Sr402,  that  models  the  crystal  with  (2),  and  with  in  the  state  a]g  (3)  and  ej  (4). 


absolute  energies  computed  are  as  follows:  -0.41,  -0.67,  -0.63,  -0.62  Ry.  The  constant 
values  of  the  potential  within  the  cluster  intersphere  region  are  equal  to  -0.45,  -0.45,  -0.47, 
-0.47  Ry,  respectively. 

The  lowest  unoccupied  state  is  featured  by  aig~symmetry  for  the  Vq'"  -cluster.  Its  wave 
function  is  localized  in  the  central  sphere  for  34%  (s-type  relative  to  the  center),  in  the  Ti- 
spheres  for  20%  (dcr- states),  in  oxygen  spheres  for  26%  and  in  the  intersphere  region  for 
16%.  Since  there  is  no  positive  charge  within  the  central  sphere  V^,  the  potential  reaches 
its  local  maximum  value  at  the  center  (Figure  2). 

The  electron  structure  of  Vo-cluster  is  featured  by  the  following  peculiarity:  if  a,g  state 
is  occupied  by  an  electron,  its  energy  is  slightly  (for  0.006  Ry)  higher  than  the  unoccupied, 
d77-states  energy  (Figure  1),  while  if  the  lowest  dTr  -state  is  occupied,  it  appears  higher 
than  the  a,g-level  (Figure  1).  It  is  clear  that  these  results  must  be  made  more  accurate  by 
means  of  a  computation  accounting  for  the  spin.  This  work  is  now  in  progress. 

As  a  result  of  these  computations,  an  unique  situation  is  revealed.  It  appears  that  two, 
closely  lying  quantum  states  of  different  origin  may  co-exist  in  the  electron  spectrum  of 
SrTi03.  One  of  them  is  mainly  formed  by  multiple  scattering  of  electron  wave  at  the  atoms 
surrounding  the  Vo-center.  This  scattering  ensures  a  state  localized  predominantly  in  the 
central  empty  sphere  and  at  the  two  nearest  cations  may  exist,  despite  the  potential  reaches 
its  maximum  value  in  the  vicinity  of  Vo.  On  the  contrary,  the  second  state  assumed  cannot 
be  featured  by  s-type  symmetry  respective  the  central  sphere.  It  is  formed  chiefly  as  a  result 
of  Vo  electric  field  acting  on  the  nearest  cations  [1,2].  This  state  is  predominantly  localized 
at  the  cations  which  are  the  nearest  ones  to  the  Vo-center.  Apparently,  the  further 
experimental  and  theoretical  developments  of  this  topic  are  desirable. 

This  work  is  partially  supported  by  the  National  Program  on  HTSC  within  the  frames 
of  the  Project  92068. 
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FIGURE  2.  One-electron  potential  in  the  central  MX  sphere  vs.  radii  for  the  variants  referred  to  in  the 
capture  to  Figure  1 . 
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An  excitation  transfer  among  carbon-oxygen  and  vacancy-oxygen  defects  in  electron  irradiated  silicon  was 
studied  by  means  of  the  photo -Electron  Spin  Echo  (photo-ESE)  technique.  Analysis  of  the  appropriate  rate 
equations  enabled  us  to  estimate  quantum  yield  of  nonradiative  tunneling  among  (C-O)  and  (V-0)  centers. 
These  processes  were  found  to  be  several  orders  of  magnitude  more  efficient  than  donor-acceptor  pair  radiative 
recombination  and  bound  exciton  radiative  transitions. 

Key  words:  carrier  generation-recombination,  irradiated  silicon. 


1  INTRODUCTION 

It  is  known  that  the  vacancy-oxygen  (V-0)  complex  is  one  of  the  dominant  paramagnetic 
center  formed  in  electron  irradiated  silicon.  The  chemical  nature  and  the  point  symmetry 
of  this  defect  is  now  well  understood.*  On  the  other  hand,  its  role  in  the  carrier  generation- 
recombination  processes  has  not  been  determined  until  recently.  The  first  observation  that 
(V-0)  is  a  really  effective  recombination  center  was  made  by  Chen  et  alf  They  found  that 
the  tunneling  process  among  shallow  phosphorus  donors  and  (V-O)  complexes  is  very  fast 
(nanosecond  time- scale)  and  even  much  faster  than  other  recombination  processes  involving 
phosphorus  donors,  like  the  capture  and  recombination  of  free  electrons  and  holes,  donor- 
acceptor  transitions  or  bound  excitons  formation  and  recombination  processes. 

In  this  communication  we  present  phenomenological  analysis  of  the  kinetics  of 
the  magnetic  resonance  signals  related  to  phosphorus  donors,  (V-O)  and  (C-O)  (i.e. 
carbon-oxygen)  complexes.  We  focus  here  mainly  on  the  photo-ESE  technique,  but 
other  experimental  methods  were  also  employed,  including  photoluminescence, 
photoconductivity,  electron  spin  resonance  (ESR)  and  optically  detected  magnetic 
resonance.  It  should  be  mention  here,  that  similarly  to  the  previous  photo-ESR  studies  on 
II — VI  and  III — V  semiconductors,^  also  the  photo-ESE  technique  is  a  very  convenient 
tool  for  studying  excitation  transfer  phenomena,  especially  in  those  cases,  when  direct  ESR 
measurement  are  very  difficult.  It  was  shown, ^  that  under  proper  experimental  conditions 
(temperature,  excitation  range,  intensity,  etc,)  one  can  often  pick  up  a  given  recombination 
process  and  study  it  ‘separately’  from  the  others.  In  many  cases  this  is  the  only  way  to 
analyze  the  role  of  a  particular  recombination  channel  and  to  compare  its  efficiency  with 
other  recombination  transitions. 

2  RESULTS  AND  DISCUSSION 

Our  experiments  were  performed  on  electron  irradiated  silicon  undoped  and  doped  with 
carbon.  Excitation  transfer  phenomena  among  (C-O)  and  (V-O)  defects  were  studied  via 

*This  work  was  supported  in  part  by  research  grant  of  KBN  No.  02  0493  91  01 
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monitoring  ESE  signal  of  the  first  excited  triplet  state  of  neutral  (V-0)^  complex  in  K- 
band  spectrometer  at  1.2  K  under  selective  (0.785  and  0.793  eV)  pulsed  laser  excitation. 
In  this  communication  we  limit  our  analysis  to  the  recombination  processes  taking  place 
under  the  experimental  conditions  listed  above.  In  this  way  it  was  possible  to  neglect 
thermally  stimulated  processes  and  also  direct  excitation  of  other  centers. 

A  one-to-one  correspondence  between  excitation  spectrum  of  the  (V-O)^  and  (C-0) 
related  luminescence  clearly  indicates  that  the  excitation  transfer  among  these  centers 
occurs  (detailed  discussed  of  these  spectra  is  given  in  the  recent  publications."^’^  This 
excitation  transfer  process  (from  (C-0)  to  (V-0))  was  found  to  be  very  fast,  i.e.,  at  time- 
scale  less  than  50  ns.  In  principle  several  mechanisms  may  be  responsible  for  a  such 
effective  excitation  transfer:  energy  transfer  processes,  exciton  and  electron  tunneling.  In 
the  following  we  focus  ourselves  on  the  nonradiative  electron  tunneling,  as  proposed 
recently  by  Frens  etal  The  sequence  of  the  involved  transitions  is  given  by  the  following 
scheme: 


(C-0)  +  hvQ79  =>  (C-O)*  (photo-excitation) 

(V-O)  +  hv^  79  (V-O)"^  +  CcB  (direct  photoionization) 

(C-0)*  +  (V-O)  =>  (C-O)"^  +  (V-0)“  (primary  electron  tunneling) 

(C-O)""  +  (V-0)~  =>  (V-O)^  +  (V-0)^  (secondary  electron  tunneling  leaving  (V-O) 
center  in  the  excited  triplet  state) 

Due  to  high  anisotropy  of  the  (V-O)”  electron  wave  function  only  a  fraction  of  the  (C-O)"^ 
and  (V-0)“  pairs  recombine  quickly.  Moreover,  some  of  the  electrons  excited  directly  from 
(V-O)  to  the  conduction  band  are  captured  by  C;  (interstitial  carbon)  centers.  In  such  a  way 
we  could  explain  not  only  a  very  fast  creation  of  the  (V-0)^  excited  triplet  state,  but  also 
the  experimentally  detected  (V-0)~,  (C-0)^  and  C[  centers. 

The  lower  limit  of  the  tunneling  rate  can  be  estimated  via  the  analysis  of  the  kinetic  rate 
equation  describing  the  (V-O)”  creation  process: 

dn/dt  =  <jS>*nco*(N-n)  (1) 

where  N  and  n  denote  the  total  concentration  of  (V-O)^  and  (V-O)'  respectively,  the 
concentration  of  (C-0)*  and  <)S>  the  tunneling  rate. 

Under  following  approximations:  N  »  n  and  n^.^,  =  const  one  can  obtain: 

dn/dt  =  <j3>*nco*N  (2) 

From  experiment,  the  excitation  time  of  (V-0)^  is  less  than  50  ns.  hence: 

dn/dt  -  An/At  =  nf/50  ns  (3) 

where  nf  denotes  the  numbers  of  (V-O)  centers  taking  part  in  tunneling  transitions.  Then 

<j8>  ~  lO’  *  y/N  (4) 

where  the  coefficient  y  indicates,  how  many  excited  (C-0)*  decay  nonradiatively  via 
electron  tunneling  to  (V-O).  Based  on  the  experimental  results  we  can  assume  that 
N  «  10’^  cm  and  y  =  0.01-01.  Hence,  <)8>  ~  10"'^-10”‘‘  cmVs. 

To  estimate  value  of  the  coefficient  <p>  for  radiative  phosphor  donor-boron  acceptor 
transitions  we  utilized  results  of  Dirksen  et  alf"  They  measured  decay  kinetics  of  the  photo- 
induced  ESE  signal  of  phosphorus  donors  in  Si:P,B  crystals.  Bearing  in  mind  that 
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concentrations  of  donors  and  acceptors  were  nearly  equal,  this  kinetics  can  be  described 
by  the  following  equation: 


dn/dt  =  -  </3>n^  (5) 

where  n(t)  denote  concentration  of  neutral  donors  at  time  t  after  pulsed  excitation.  Comparing 
experimental  data  of  Dirksen  et  al,  with  the  solution  of  the  above  equation  we  estimated 
that  </3>  =  10"‘ -10”^®  cmVs.^ 

In  conclusion,  we  have  shown  the  importance  of  the  nonradiative  tunneling  inter-defect 
processes,  which  were  found  to  be  several  orders  of  magnitude  more  efficient  than  radiative 
ones. 
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This  paper  focus  on  theory  of  diffusion-controlled  annealing  of  the  most  mobile  radiation- induced  defects — I 
centers — in  KCI  crystals.  The  kinetics  of  annealing  of  pairs  of  close  oppositely  charged  defects — a-l  centers 
(arising  as  a  result  of  the  tunnelling  recombination  of  primary  Frenkel  defects — F  and  H  centers)  and  F-I  centers 
(when  H  center  trap  electrons)  is  calculated  taking  into  account  defect  diffusion  and  Coulomb/elastic 
interaction.  Special  attention  is  paid  to  the  conditions  under  which  multi-stage  annealing  arises;  theoretical 
results  are  compared  with  the  relevant  experimental  data. 

Key  words:  Alkali  halides,  Frenkel  defects,  diffusion,  tunneling,  recombination  kinetics,  color  centers,  F-center, 
I-center. 


1  INTRODUCTION 

I  centers  (interstitial  halide  ions)  are  known  to  be  the  most  mobile  radiation-induced  defects 
in  alkali  halides  and  therefore  they  play  an  important  role  in  the  low-temperature  defect 
annealing  processes.  The  experimental  data  analysis  [1]  shows  that  I  centers  recombine  not 
only  with  their  complementary  a  centers  (anion  vacancies),  but  also  with  F,F'  and  centers. 

In  this  paper  we  consider  briefly  the  kinetics  of  correlated  annealing  of  radiation-induced 
pairs  of  close  a-l  and  F-I  centers  in  KCl  crystals,  stimulated  by  I-center  diffusion  and  Coulomb 
or  elastic  attraction,  respectively.  Some  preliminary  results  for  F,  I  annealing  were  presented 
by  us  recently  for  KBr  [2],  in  which  study  I  center  was  assumed  to  lie  at  the  cube  center. 
However,  as  follows  from  the  double-force  tensor  analysis  of  I  centers  in  KBr  [3],  it  is  more 
likely  to  form  a  split  interstitial  (dumbbell)  along  the  <100>  axis.  Therefore  in  this  paper  we 
assume  I  centers  to  be  situated  in  the  middle  of  the  Me-X  distance  as  is  shown  in  Figure  la. 


FIGURE  1  (a)  Spatial  position  of  several  types  of  I  centers  (marked  1  to  5)  with  respect  to  the  close  F  center 

in  KCl.  (b)  the  calculated  correlated  annealing  of  the  four  types  of  such  close  F-I  centers  (1NN-4NN)  in  KCl, 
as  controlled  by  I  center  diffusion  and  the  elastic  attraction  to  F  center  (1 ,  =  3.5 1  A;  I2  =  4.71  A;  I3  =  5.66  A 
and  14  =  6.47  A). 
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2  RESULTS  AND  DISCUSSION 

The  model  used  was  described  in  details  in  [4,5] ;  it  should  be  only  noted  here  that  we  incorporate 
therein  the  elastic  and  Coulomb  interactions  of  close  and  mobile  defects.  The  former  interaction 
is  characterized  by  the  interaction  energy  of  ^(r)  =  -a!^  [6],  where  a  is  the  elastic  interaction 
constant  and  r  the  relative  distance  between  defects.  We  have  found  that  a  ^  4  eV  for  F, 
I  centers  for  both  KCl  and  KBr  (see  [2]  for  more  details).  The  annihilation  radius  r^  =  3  A, 
which  is  close  to  the  interionic  spacing,  was  earlier  used  in  the  kinetics  of  F,H  recombination 
[4,5].  The  activation  energy  for  I  center  hopping  is  =  0.08  eV  [7];  The  pre-exponential 
factor  in  the  diffusion  coefficient  D  =  D^exp  (-E^/kT)  is  D^  =  8  10*"^  A^  s“*,  and  the  results  of 
our  calculations  are  presented  in  Figures  1  to  4.  The  conclusion  we  draw  from  Figure  1  (b) 


FIGURE  2  The  kinetics  of  simultaneous  annealing  of  several  kinds  of  NN  F,I  defects  presented  in  equal 
concentrations:  (a)  INN  +  2NN;  (b)  INN  +  2NN  +  3NN;  (c)  INN  +  2NN  +  3NN  +  4NN.  The  arrows  show  the 
step  temperatures  for  individual  defects,  as  in  Figure  1  (b). 
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is  that  an  increase  of  the  initial  distance  1  between  the  partners  within  close  F,I  pairs  from  the 
nearest-neighbour  distance  (INN)  to  the  fourth — nearest  neighbours  (4NN)  results  in  an 
increase  of  both  the  corresponding  annealing  temperature  (by  about  1  K  per  one-step  increase 
of  the  degree  of  neighbourhood)  and  in  a  higher  survival  probability,  i.e.  higher  fraction  of  I 
centers  not  recombining  with  their  ‘own’  F  centers. 

Figure  2  shows  the  F-I  center  annealing  for  different  spatial  distributions.  The  obvious 
result  is  that  a  well-pronounced  recovery  stages  step  structure  are  observed  only  for  two 
first  nearest-neighbour  pairs,  whereas  badly-resolved  stages  emerge  already  for  3  NN  and 
4  NN.  Figure  3  shows  theoretical  results  for  a-l  center  annealing.  It  shows  that  the  several 
well-pronounced  stages  are  observed  in  the  case  of  simultaneous  annealing  of  1  NN-3  NN 


r(K) 

FIGURE  3  The  kinetics  of  the  individual  (1NN-4NN)  (a)  and  simultaneous  (b,  c)  annealing  of  several  kinds 
of  NN  a,I-defects  present  in  equal  concentrations,  (b)  -INN  +  2NN  (c)  INN  +  2NN  +  3NN.  Curve  5  in  (a) 
corresponds  to  very-well  separated  defects  (distance  between  a, I  centers  is  23.3  A,  i.  e.  they  are  5th  neigbours 
along  the  <1 10>  axis). 
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FIGURE  4  Uncorrelated  annealing  of  I  centers  in  KCl  for  different  concentrations  of  defects:  curve  Co(I)  = 
10'"  cm~^;  Q,(F)  =  10'"  cm'l  Curve  2-C„(I)  =  10"  cm'^  C,(F)  =  lO'’  cm’'.  Curve  3-C,(I)  =  lO"  cm"";  C„(F)  = 
10'*cm-l 


of  a,  I  defects  present  in  equal  concentrations,  whereas  more  distant  defects  are  badly 
resolved. 

Lastly,  computer  simulations  of  the  free  I  center  annealing  demonstrates  clearly  how 
the  annealing  temperature  depends  on  the  initial  defect  concentration  (i.  e.  irradiation  dose) — 
the  effect  observed  experimentally  more  than  once  [see  [7]  and  reference  therein]. 

We  would  like  to  stress  in  conclusion  that  the  problem  of  the  correlated  annealing  of 
spatially  correlated  Frenkel  defects  is  very  universal  and  actual  not  only  for  ionic  solids, 
but  also  for  rare-gas  solids  [8]  and  metals  [9].  We  believe  that  the  use  for  these  materials 
of  the  correct  mathematical  formalism  presented  by  us  in  [4,5]  (and  applied  there  to  KBr 
and  in  this  paper — to  KCl  crystals)  could  get  more  useful  information  about  first  stages  of 
the  radiation  damage  of  materials. 

The  research  described  in  this  publication  was  made  possible  in  part  by  Grant  LB2000 
from  International  Science  Foundation. 
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The  semiempirical  method  of  the  Intermediate  Neglect  of  Differential  Overlap  (INDO),  in  the  program  SYM- 
SYM,  has  been  used  for  calculations  on  perfect  and  imperfect  corundum  crystals.  For  the  perfect  crystal  the 
periodical  Large  Unit  Cell  (LUC)  model  was  used  while  the  Molecular  Cluster  (MC)  model  was  used  in  defect 
calculations.  By  means  of  the  MC  model,  we  have  investigated  the  optical  properties  of  electronic  centers  (F^, 
F,  P,  F^g,  Fj^g)  in  corundum.  Calculated  optical  properties  of  these  defects  are  compared  with  experimental 
values  and  new  bands  are  predicted  to  exist  in  the  absorption  spectrum  of  Mg-doped  corundum.  The  energy 
levels  of  F-type  and  Mg-impurity  related  centers  are  found  to  lie  in  the  gap  between  the  upper  valence  band  and 
conduction  band,  as  for  similar  centers  in  MgO  and  alkali  halides. 

Key  words:  alumina,  F  centre,  point  defects 


1  INTRODUCTION 

Corundum  (a-Al203),  or  sapphire,  is  probably  the  most  important  ceramic  material  and  its 
technological  importance  has  stimulated  numerous  studies  of  its  optical  and  magnetic 
properties/’^  However,  only  a  few  attempts  have  been  made  to  understand  theoretically  the 
geometry  and  electronic  structure  of  electron  and  hole  centers  created  in  corundum  under 
irradiation.  This  is  due  primarily  to  the  complicated  structure  of  corundum,  its  large  unit 
cell  and  the  semi-ionic  character  of  chemical  bonding.  The  INDO  method  has  been  widely 
applied  previously  to  point  defects  in  a  number  of  ionic  crystals,  including  oxides.^’"^  This 
method^  allows  one  to  construct  defective  clusters  containing  up  to  several  tens  of  atoms 
and  to  carry  out  automated  geometry  optimization/ 


2  RESULTS  AND  DISCUSSION 

Results  for  a  family  of  hole  centers  have  already  been  published/’^  in  this  paper  we  focus 
on  electronic  centers-both  intrinsic  F^,  F  and  the  hypothetical  K  (respectively,  one,  two 
and  three  electrons  trapped  by  an  O  vacancy),  and  centers  associated  with  Mg-impurity 
(F^g  and  P^g  which  an  Mg^^  ion  substitutes  for  AP^  nearby  an  P  or  F  center).  To  extend 
our  basis  set  for  F-type  calculations,  additional  2s,  2p  Slater-type  atomic  orbitals  were 
centered  at  the  O  vancancy.  The  only  fitting  done  was  for  the  orbital  exponents  of  the  F"^ 
wave  function  in  order  to  reproduce  the  experimental  energy  of  the  central  absorption  band 
at  5.5  eV(lA  ^  2 A  transition).  The  same  basis  set  was  used  for  calculations  on  all  the 
other  electron  centers.  An  enlarged  65-atom  (AI26O39)  stoichiometric  quantum  cluster  was 
used  for  these  electron- type  defect  studies,  this  being  embedded  in  the  electrostatic  field 
of  the  rest  of  the  crystal. 

Table  I  shows  calculated  absorption  and  luminescence  energies.  The  calculated 
absorption  energy  of  the  F  center  (5.9  eV)  is  in  good  agreement  with  the  experimental  value 
of  6.1  eV;  the  same  is  true  for  the  luminescence  energies  for  both  P  and  F  centers.  These 
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TABLE  I 

Calculated  absorption  and  luminescence  energies.  Optical  transitions  are  calculated  as  the  difference 
of  total  self-consistent  energies  in  the  ground  and  excited  states  (ASCF  method).  Due  to  low  Cj  point 
symmetry  the  threefold  degenerate  2p  excited  state  of  the  P  center  is  split  by  the  crystalline  field  into 

three  states:  lB(pJ,  2A(py),  and  2B(pJ. 


Defect 

Absorption,  eV 

Luminescence,  eV 

Theory 

Expt. 

Theory 

Expt. 

5.2(1A^  IB) 

4.8 

p 

5.5(1A^2A) 

5.4[8] 

4.0(IB^  lA) 

3.8[8] 

5.8(1A^2B) 

6.0 

F 

5.9(1A^2A) 

6.1 [8] 

2.8(2A^  lA) 

3.0[8] 

5.1(1A^2A) 

4.95 

Fm, 

5.3(1A-^3A) 

5.9(1A^4A) 

5.70[9] 

4.2(2 A  ^  lA) 

4.1[10] 

Fms 

6.4(1A^2A) 

3.5(2A^1A) 

calculations,  especially  for  the  excited  states,  are  non-trivial  since  optimisation  of  the 
geometry  for  several  groups  of  atoms  is  required.  Figure  1  shows  the  displacements  of 
atoms  nearest  to  the  O  vacancy  the  nearest  anions  O,  and  O2  (shifted  by  cr  at  an  angle  a 
with  respect  to  the  line  connecting  0-0  atoms)  and  two  kinds  of  A/  atoms  forming  the 
so-called  short  bonds  (A/3  and  A/4,  shifted  by  A)  and  those  forming  long  bonds  (A/j,  and 
A/2,  shifted  by  8),  The  optimized  inward  relaxations  a  of  the  two  nearest  oxygen  atoms 
towards  the  vacancy  are  4,6%  and  2.2%  for  the  F""  and  F  ground  states,  respectively  (in 
units  of  the  0-0  distance  in  the  perfect  corundum).  This  occurs  at  angles  a  =  5°  and  25°, 
respectively.  The  displacements  of  O  atoms  for  the  charged  F'^  center  naturally  are  larger 
than  for  a  netural  F  center  due  to  electrostatic  effects;  the  same  is  true  for  the  outward  A1 
displacements  (5.5%  for  F^  and  2.3%  for  F,  respectively).  The  wavefunctions  of  the  ground 
states  are  well  localized  within  a  vacancy  but  that  of  the  excited  state  of  the  F  center  is 
delocalized  on  to  the  nearest  cations.  However,  the  adiabatic  potential  energy  curve  of 
the  excited  F  center  has  a  minimum,  from  which  the  radiative  transition  to  the  ground 
state  occurs.  The  calculated  luminescence  energy  of  3.0  eV  is  close  to  the  experimentally 
observed  2.8  eV.  The  energy  of  thermal  quenching  of  luminescence,  was  calculated  to 
be  -0.5  eV,  in  good  agreement  with  the  experimental  value  of  0.4  eV^.  In  the  neutral  F^g 
center  the  nearest  O  atoms  are  displaced  slightly  more  that  in  the  F  center  but  less  than 
in  F'^.  Observed  displacements  of  A1  atoms  are  larger  due  to  the  Coulomb  repulsion  from 
the  vacancy.  The  Mg^'"  ion  itself  is  displaced  towards  the  F"^  center,  since  it  is  oppositely 
charged  with  respect  to  the  perfect  crystal  lattice.  Calculated  absorption  energies  for  Mg- 
impurity  related  centers  (Table  I)  shows  that  only  the  neutral  center  F^g  fits  the  experimental 
values.  We  predict  additionally  a  third  absorption  band  to  exist  for  this  center  at  a  photon 
energy  of  approximately  6.0  eV. 

Energy  levels  of  the  F-type  centers  fall  into  the  gap  between  the  upper  valence  band 
and  the  conduction  band  as  in  the  alkali  halides  and  MgO.  Excited  states  of  the  one- 
electron  F^  and  F^g  centers  are  well  localized  whereas  those  for  two-electron  centers  F 
and  F^g-  delocalized, being  degenerate  with  the  conduction  band.  The  observed  1.2 

eV  splitting  of  the  low  (C2)  symmetry  excited  F^  center  state  is  due  to  the  deep  position 
of  its  levels  in  the  energy  gap.  We  came  to  this  conclusion  by  simulating  the  delocalization 
of  the  wave  function  of  the  excited  F"^  center  state  as  a  function  of  its  orbital  exponent^; 
when  reducing  ^  the  distance  between  the  F""  center  excited-state  level  and  the  conduction 
band  diminishes  and  the  wave  function  becomes  more  diffuse  with  a  simultaneous  reduction 
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FIGURE  1  The  displacements  of  atoms  optimised  in  the  calculations  of  the  spectroscopic  properties  of  F- 
type  centers. 


of  the  splitting  of  the  excited  state.  This  is  exactly  what  happens  in  F(FMg)  centers.  We 
have  also  obtained  F  ''-induced  states  split  off  from  the  conduction  band,  which  could  be 
observed  as  new  absorption  bands  at «  8  eV  additional  to  the  three  ‘classical’  bands  around 
5-6  eV.  Lastly,  we  simulated  the  hypothetical  P  center  in  corundum  and  found  that  the 
third  electron  indeed  occupies  the  local  level  split  off  from  the  conduction  band  by  «  1 
eV.  This  confirms  the  idea^  that  such  defects  (similar  to  the  P  centers  in  alkali  halides) 
could  exist  and  be  responsible  for  the  thermostimulated  luminescence  peaks  observed  in 
corundum  at  260  K. 
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A  COMBINED  COMPUTER  SIMULATION  AND 
EXAFS  STUDY  OF  DOPANT  CLUSTERING  IN 
LANTHANUM  OXIDE 


A.  V.  CHADWICK,  G.  MORRISON  and  R.  RAFIUDDIN 

Chemical  Laboratory,  University  of  Kent,  Canterbury,  Kent  CT2  7NH,  U.K 

Atomistic  computer  modelling  and  Extended  X-ray  Absorption  Fine  Structure  (EXAFS)  measurements  were  used 
in  a  study  of  the  mode  of  solution  of  Sr^’’’  ions  in  La203.  The  results  are  in  agreement  with  previous  modelling 
studies  which  show  that  the  most  favourable  mode  of  solution  is  cation  substitution  with  anion  vacancy  charge 
compensation.  The  energy  of  solution  was  found  to  be  1.3  eV.  The  Sr  K-edge  EXAFS  results  for  10  and  20  mole 
percent  Sr^"*"  doped  La203  were  consistent  with  cation  substitution.  For  both  doped  samples  the  EXAFS  indicate 
the  presence  of  a  defect  cluster  containing  2SrLa  ions  adjacent  to  a  Vq"  . 

Key  words'.  Lanthanum  oxide,  computer  modelling,  EXAFS,  dopant  clusters. 


1  INTRODUCTION 

Lanthanum  oxide  (La203)  doped  with  divalent  cations,  notably  and  Ca^*^,  is  a  good 
0^“  ion  conductor^  and  a  useful  catalyst  for  oxidative  coupling  of  methane.^  The 
understanding  of  both  the  catalytic  activity  and  the  ionic  motion  is  dependent  on  a 
knowledge  of  the  defect  structure.  There  have  been  very  few  studies  of  the  defect 
properties  of  La203,  the  most  notable  being  the  very  recent  computer  simulations  by  Ilett 
and  Islam.^  This  work  showed  that  (i)  the  intrinsic  defects  were  anion-Frenkel  pairs  (ii) 
were  the  mobile  defects  and  (iii)  the  alkaline  earth  ions  dissolved  substitutionally  on 
the  La^"^  sites  with  the  formation  of  charge  compensating  0^~  vacancies. 

We  report  a  study  of  the  defects  in  Sr^"^  doped  La203  using  a  combination  of  computer 
modelling  and  ^'xtended  Z-ray  Absorption  Fine  Structure  (EXAFS).  The  computer  code 
was  the  same  as  that  employed  by  Ilett  and  Islam, ^  however  the  parameters  for  the 
hexagonal  La203  structure  were  those  of  Aldebert  and  Traverse^  and  the  interatomic 
potentials  were  those  recently  developed  by  Bush  et  al}  Since  the  level  of  doping 
employed  to  obtain  high  ionic  conductivity  is  high,  typically  several  mole  percent,  defect 
clustering  is  expected  and  the  calculation  of  various  cluster  binding  energies  were 
undertaken.  EXAFS  is  a  powerful  method  of  investigating  local  structures^  and 
measurements  were  used  to  identify  the  nature  of  the  defect  clusters. 


2  METHODS 

2. 1  Computer  Simulations 

Calculations  were  performed  with  the  CASCADE  code^  running  on  the  University  of  Kent 
Meiko  parallel  processing  computer.  The  interatomic  potentials  were  those  reported 
recently  by  Bush  et  al.^ 

2.2  EXAFS 

Samples  of  10  and  20  mole  per  cent  Sr^"^  doped  La203  (based  on  moles  SrO  to  moles  of 
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FIGURE  1  Radial  distribution  functions  for  doped  La203. 

- 10  mole  per  cent;  —  •  —  •  —  •  —  •  —  20  mole  per  cent; 

- model  1  (see  text). 


La203)  were  prepared  by  a  high  temperature  solid  state  reaction.^  Sr  K-edge  EXAFS  were 
collected  at  room  temperature  in  transmission  mode  on  station  9.2  at  the  SERC  Daresbury 
Synchrotron  Radiation  Source.  The  spectra  were  analysed  using  the  Daresbury  EXAFS 
suite  of  computer  programs.^ 


3  RESULTS  AND  DISCUSSION 

Computer  simulations  were  used  to  calculate  the  energies  of  the  possible  intrinsic  defects 
in  La203.  In  the  present  work  the  anion-Frenkel  and  Schottky  quintet  were  found  to  be 
almost  equally  favourable,  the  energies  of  formation  being  2.41  and  2.37  eV  per  defect, 
respectively.  In  the  La203  structure  there  are  two  non-equivalent  anion  sites,  and  O^, 
and  siting  the  vacancy  at  the  position  is  energetically  favoured  to  the  extent  1.02  eV. 
The  cation-Frenkel  pair  was  not  energetically  favourable  with  a  calculated  formation 
energy  of  5.95  eV  per  defect.  In  previous  calculations^  the  anion-Frenkel  pair  was  found  to 
be  strongly  favoured  over  the  Schottky  quintet,  the  energies  per  defect  being  2.57  and 
3.34  eV,  respectively.  The  differences  between  the  two  sets  of  calculations  originate  from 
the  use  of  different  interatomic  potentials.  Calculations  of  defect  migration  energies  show 
that  the  most  mobile  defect  is  the  anion  vacancy,  moving  between  O*  sites,  which  agrees 
with  previous  calculations.^ 

All  possible  modes  for  solution  of  La203  were  considered  and  the  most  energetically 
favourable  is  cation  substitution  with  anion  vacancy  compensation.  Using  the  equation 
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FIGURE  2  Radial  distribution  functions  for  St^'^  doped  La203. 

- 10  mole  per  cent;  —  •  —  •  —  •  —  •  —  •  —  20  mole  per  cent; 

- model  2  (see  text). 


below  the  energy  of  solution  is  calculated  to  be  1.31  eV. 

SrO  +  La^^  +  1  /20o  ^  +  1  /2V„  +  1  /ILsijOs 

This  energy  is  based  on  two  assumptions,  the  first  assumption,  which  is  inherent  in  the 
methodology  used  by  the  CASCADE  code,^  is  that  the  defects  are  present  at  infinite 
dilution.  The  second  assumption  is  that  the  defects  are  isolated;  this  assumption  is  not  valid 
at  high  dopant  concentrations  or  at  low  temperatures  as  the  defects  will  be  associated  into 
clusters. 

The  level  of  Sr^”^  doping  in  La203  used  as  an  ion  conductor  is  up  to  20  mole  per 
cent.  At  these  high  levels  of  doping  it  is  expected  that  there  will  be  defect  clustering. 
Calculations  of  the  binding  energy  of  several  simple  clusters  were  performed.  The  binding 
energy  is  defined  as  the  energy  of  the  cluster  minus  the  sum  of  the  energies  of  the  isolated 
defects;  a  negative  binding  energy  indicating  a  stable  cluster.  The  results  from  these 
calculations  can  be  seen  in  Table  I. 


Table  I 

Cluster  Binding  Energy  (eV)  Binding  Energy/Defect  (eV) 


SrLa  H-  Vo(i) 
2SrLa  +  Vo(l) 
4SrLa  +  2Vo(i) 


-0.46 

-1.23 

-2.34 


-0.23 

-0.41 

-0.39 
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It  can  be  seen  that  the  simple  charge  compensated  cluster,  2Sr^'^  ions  on  La^"^  sites 
adjacent  to  an  vacancy  (termed  model  1)  is  the  most  favourable  cluster;  being  slightly 
more  favourable  than  the  larger,  4Sr^'^  adjacent  to  vacancies,  cluster  (termed 
model  2).  It  should  be  noted  that  the  above  clusters  have  many  possible  geometries  and  the 
results  given  in  Table  I  are  only  those  for  the  most  energetically  favourable  geometries  for 
each  cluster.  However  these  results  do  not  rule  out  the  formation  of  even  larger  and  more 
complex  clusters,  especially  at  high  dopant  concentrations.  The  radial  distribution 
functions  (rdf),  from  the  EXAFS  experiments  on  the  two  samples  are  shown  in  Figures  1 
and  2.  The  plots  were  obtained  by  a  Fourier  transform  of  the  normalised  EXAFS  spectra 
and  as  phase  shifts^  have  been  employed  the  radial  distances  should  be  realistic.  Also 
shown  on  the  plots  are  the  rdf  s  the  clusters,  model  1  (Figure  1)  and  model  2  (Figure  2), 
studied  in  the  computer  simulations.  These  were  obtained  by  using  the  atomic  occupancies 
and  positions  frpm  the  CASCADE  calculations  with  the  default  value  of  the  Debye-Waller 
factor  (0.01  A  ).  Therefore  the  magnitudes  of  the  theoretical  models  are  not  directly 
comparable  with  the  experimental  values,  however,  radial  distances  for  the  techniques 
should  correspond  to  real  distances. 

The  experimental  rdf  s  show  peaks  at  ~  2.5  (with  a  shoulder  at  ~  3.0),  ~3.5  and 
~  4.2  A.  Preliminary  fitting  of  the  EXAFS  shows  the  first  of  these  peaks  is  due  to 
ions  and  that  at  ^  4.2  A  is  due  to  cations.  The  peak  at  ^  3.5  A  has  not  yet  been  assigned 
and  detailed  fitting  is  still  in  progress.  It  can  be  seen  from  Figure  1  that  the  model  1  cluster 
reproduces  well  the  peak  positions  in  the  experimental  rdfs.  In  contrast  inspection  of 
Figure  2  indicates  that  cluster  model  2,  although  comparable  in  energy  to  cluster  model  1, 
does  not  reproduce  the  experimental  peak  positions;  in  particular  the  cation  shell  position 
is  very  different.  This  qualitative  analysis  clearly  indicates  that  the  dominant  cluster  in  the 
10  and  20  mole  per  cent  samples  is  the  smaller  model  1  cluster. 


4  CONCLUSIONS 

The  calculations  indicate  that  the  Schottky  quintet  and  the  anion-Frenkel  pair  in  LaaOs 
have  similar  energies.  The  mode  of  solution  of  Sr^"^  ions  is  substitutional  with  the 
formation  of  0^“  charge  compensating  vacancies.  The  binding  energies  of  Sr^’^  ions  and 
oxygen  vacancies  indicate  that  defect  clusters  are  energetically  favourable,  the  most 
favoured  being  that  formed  by  2  Sr^"^  ions  and  an  vacancy  on  adjacent  sites. 
Comparison  of  the  calculations  and  the  EXAFS  measurements  indicate  that  this  cluster  is 
dominant  in  both  10  and  20  mole  per  cent  Sr^"^  doped  La203, 
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CLUSTER  CALCULATION  OF  IMPURITY-INDUCED 
CORE-VALENCE  TRANSITIONS 
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The  electronic  structure  of  [CsCln]  molecular  cluster  and  possible  radiative  transitions  between  crystal  valence 
band  and  impurity  core  states  are  calculated  with  self-consistent  field  Xa  scattering  wave  method.  Correlation  of 
experimental  and  theoretical  data  confirms  the  local  cluster-type  nature  of  the  radiative  core-valence  transitions. 

Key  words:  Crossluminescence,  self-consistent  field  Xa  scattering  wave  method,  cluster  approach. 


1  ESfTRODUCTION 

Specific  intrinsic  emission  caused  by  radiative  transitions  of  valence  electrons  to  empty 
(hole)  states  in  the  outermost  core  band  has  been  widely  studied  in  some  ionic  crystals  for 
which  the  Auger  transitions  between  the  valence  and  upper  core  bands  are  completely 
energetically  forbidden  (see  e.g.  review).^  In  other  words  the  effect  is  detectable  when 
Ec  >  2Eg,  where  Ec  is  the  energy  distance  from  the  bottom  of  the  conduction  band  to  the 
upper  core  band  and  Eg  the  band  gap  energy  (Figure  1).  The  general  features  of  radiative 
core-valence  transitions  (CVT)  are  i)  the  short  decay  time  (10~^s),  ii)  the  existence  of 
threshold  excitation  energy  coinciding  with  that  of  the  transitions  from  the  upper  core  band 
to  the  conduction  band,  and  iii)  the  high  thermal  stability  of  the  emission  intensity  and 
decay  time.  Certain  correlation  is  considered  to  exists  between  the  density  of  the  valence 
band  electron  states  and  the  emission  spectra  of  CVT.^ 

Up  to  now  the  intrinsic  emission  has  been  observed  and  identified  for  halide 
compounds  containing  Ba^+,  Rb+  and  Cs+  cations.  This  is  due  to  the  abovementioned 
specific  energy  condition  for  detecting  the  CVT.  In  wide-gap  halides  are  doped  with  these 
cations,  the  radiative  recombination  of  the  valence  electrons  with  holes  originating  from 
the  uppermost  impurity  core  level  can  occur.^  In  this  case  the  characteristic  energy 
condition  has  the  similar  form  E'  >  2Eg,  where  E'  is  the  impurity  core  hole  energy  from 
the  bottom  of  the  conduction  band.  Thus  the  corresponding  impurity-induced  CVT  occur 
under  high-energy  excitation  (Figure  1). 

Here  we  report  the  results  of  calculation  studies  of  the  impurity-induced  CVT  in  the 
framework  of  cluster  approach  and  the  comparison  with  the  relevant  experimental  data  for 
the  crystals  doped  with  Cs  which  have  different  structure  of  the  emission  cluster  [CsCln] 
(n  denotes  coordination  number).  Some  preliminary  results  of  our  investigations  may  be 
found  in  Ref.^’^ 


2  CALCULATION  PROCEDURES 

The  electronic  structure  of  [CsCln]  molecular  cluster  was  calculated  with  the  self-consistent 
field  (SCF)  scattering  wave  method.  The  molecular  cluster  approach  used  does  not  take 
into  account  the  crystal  field  influence.  Geometry  of  the  nearest  anion  surrounding  of  Cs  in 
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conduction 

band 


the  structures  considered  is  specified  by  coordination  number  n  =  6,  8,  12  being 
octahedral,  cubic  or  cubooctahedral  respectively.  Cs-Cl  distance  was  adopted  to  be  equal 
to  0.32  nm  for  all  types  of  clusters.  It  is  equal  to  cation-anion  distance  in  KCl  crystal. 
MT-radii  were  picked  out  under  the  condition  of  minimum  for  one-electronic  potential 
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FIGURE  2  Calculated  spectra  (full  line)  of  radiative  transitions  between  chlorine  electronic  states  and  impurity 
core  hole  states  of  cesium  for  clusters  [CsCl6]  (1),  [CsClg]  (2)  and  [CSCI12]  (3).  Dashed  and  point-dashed  lines 
display  the  deposits  of  the  transitions  in  the  s-  and  d-symmetry  states. 


98 


A.  S.  VOLOSHINOVSKII  ET  AL. 


jump  at  the  MT-spheres.  Start  functions  for  the  charge  densities  and  potentials  in  MT- 
spheres  were  constructed  using  s-,  p-  and  d-wave  functions  of  the  electronic  shells  Cs  and 
Cl  atoms.  The  cluster  electronic  wave  function  was  written  as  a  superposition  of  the 
solutions  of  one-electronic  Shroedinger  equation  for  different  regions.  Then  the  solution 
was  used  for  further  iterations.  The  matrix  elements  for  dipole  transitions  were  calculated 
between  the  initial  core  hole  states  and  the  final  valence  electron  states. 


3  RESULTS  AND  DISCUSSION 

The  data  obtained  show  that  the  upper  group  of  filled  levels  which  corresponds  to  the 
crystal  valence  band  is  formed,  in  principal,  by  the  states  with  p-symmetry  of  chlorine 
ions.  The  results  of  calculation  demonstrate  that  the  cesium  d-  and  s-states  also  contribute 
to  the  full  density  of  electron  states  in  the  valence  band  which  is  of  primary  importance  for 
understanding  of  the  emission  nature.  The  density  of  the  d-  and  s-states  of  cesium  is  more 
than  order  of  magnitude  less  than  that  for  chlorine  p-  states.  The  cesium  s-  and  d-states 
form  a  group  of  levels  in  the  valence  band,  of  which  number  and  energy  location  depend 
on  the  coordination  number  n  of  [CsCln]  cluster,  the  cesium  d-state  splitting  is  defined  by 
chlorine  wave  function  overlapping.  The  outermost  core  band  is  formed  by  5pCs  states 
centered  nearly  5  eV  deeper  than  the  top  of  the  valence  band.  The  electron  states  of  5pCl 
core  band  are  located  at  12  eV. 

Keeping  in  mind  the  data  obtained,  the  emission  spectra  of  the  radiative  CVT  were 
calculated  in  frame  of  a  dipole  approach  as  the  non-forbidden  transitions  between  s-  plus 
d-  valence  states  on  Cs  and  5pCs  core  states.  Energy  location  and  arbitrary  intensities  for 
these  transitions  are  displayed  in  Figure  2  (vertical  lines).  The  simulation  of  the 
corresponding  radiative  CVT  spectra  was  performed  using  Gaussian  widening  (half-width 
0.3  eV)  of  the  energy  levels. 

We  use  the  relevant  experimental  data  of  our  studies  of  the  impurity-induced  CVT  in 
Cs-doped  KCl,  RbCl,  SrCl2  and  RbCaCla  halide  crystals^ in  order  to  comparison  with  the 
results  of  theoretical  calculations.  Figure  3  presents  the  X-ray  excited  spectra  of  fast 
emission  components  of  the  investigated  crystals.  One  can  observe  the  characteristic 
features  of  the  investigated  emission  noted  in  Sec.  1.  Such  peculiarities  allowed  us  to 
identify  the  emission  as  the  radiative  impurity-induced  CVT  of  valence  electrons  to 
impurity  5pCs  core  levels.^ 

The  experimental  results  indicate  the  crystals  with  the  octahedral  anion  environment 
(coordination  number  n  —  6)  exhibit  one  emission  band  (KCl:Cs,  RbClrCs).  Two  bands 
are  observed  in  SrCl2:Cs  crystals  with  the  cubic  anion  surrounding  (n  =  8).  In  perovskite- 
like  RbCaCl3:Cs  crystals  (n  =  12)  the  spectrum  structure  is  more  complicated.  The 
changes  in  the  profile  of  the  fast  emission  spectrum  are  known  to  occur  in  CsCl  crystals  at 
the  phase  transition  from  the  structure  with  n  =  8  to  the  rock  salt  structure  (n  =  6).  In  this 
case  the  emission  spectrum  is  transformed  from  the  two-band  to  the  one-band  form,^ 

Good  agreement  of  experimental  and  theoretical  results  follows  from  comparison  of  the 
calculated  (Figure  2)  and  measured  (Figure  3)  spectra.  In  the  case  of  n  =  6  the  allowed 
transitions  form  only  a  single  peak.  For  n  =  8  the  dipole  transitions  are  grouped  in  two 
well  defined  peaks.  In  cubouct^edral  perovskites  (n  —  12)  complicated  spectrum  shape  is 
realized. 


4  CONCLUSION 

Theoretical-experimental  agreement  of  the  results  derived  for  the  crystals  investigated 
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FIGURE  3  Normalized  spectra  of  the  impurity-induced  CVT  for  KCl:Cs  (1),  RbCliCs  (2),  SrCl2:Cs  (3)  and 
RbCaClsiCs  (4)  crystals. 


100 


A.  S.  VOLOSHINOVSKn  ET  AL. 


draws  the  conclusion^’"^  that  the  recombination  of  the  valence  electron  with  core  hole 
involves  mainly  the  nearest-neighbor  ions  of  the  opposite  sign.  Therefore  the  emission 
spectrum  of  the  CVT  is  defined  mainly  by  the  energy  characteristics  and  the  mutual 
positions  of  the  ion  pairs  participating  in  recombination  processes.  This  situation  implies 
that  the  radiative  core-valence  transitions  have  a  local  cluster-type  nature.  A  relation 
between  emission  spectrum  profile  and  structure  of  cluster  [CsCln]  obtained  here  confirms 
validity  of  the  cluster  approach  to  the  CVT  nature  interpretation. 


REFERENCES 

1.  P.  A.  Rodnyi,  Sov.  Phys,  Solid.  State,  34  (1992)  1053. 

2.  J.  Jansons,  Z.  Rachko,  J.  Valbis,  J.  Andriessen,  P.  Dorenbos,  C,  W.  E.  van  Eijk  and  M.  N.  Khaidukov., 

J.  Phys.  Condens.  Matter  5  (1993)  1589. 

3.  A.  S.  Voloshinovskii,  V.  B.  Mikhailik,  S.  V.  Syrotyuk  and  P.  A.  Rodnyi,  Sov.  Phys.  Sol.  State,  34  (1992) 
1916. 

4.  A.  S.  Voloshinovskii,  V.  B.  Mikhailik,  P.  A.  Rodnyi  and  S.  V.  Syrotyuk,  Phys.  Stat.  Sol.  B173  (1992)  739. 

5.  S.  G.  Akerman,  Opt.  Spectrosc.  (USSR),  51  (1981)  515. 


Radiation  Effects  and  Defects  in  Solids,  1995,  Vol.  134,  pp.  101-106 
Reprints  available  directly  from  the  publisher 
Photocopying  permitted  by  license  only 


©  1995  OPA  (Overseas  Publishers  Association) 
Amsterdam  B.V.  Published  under  license  by 
Gordon  and  Breach  Science  Publishers  SA 
Printed  in  Malaysia 


CALCULATION  OF  THE  MOLLWO-IVEY 
PARAMETERS  IN  THE  POINT-ION 
APPROXIMATIONt 
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We  report  the  first  general  calculation  of  the  empirical  parameters  appearing  in  the  Mollwo-Ivey  relation  between 
absorption  energy  and  interionic  spacing  for  defects  in  ionic  solids.  The  calculation  is  based  on  the  Vinti  sum-rule 
formulation  of  the  Mollwo-Ivey  law  [Phys.  Rev.  Lett.  69,  184  (1992)],  a  self-consistent  Hartree-Fock-Slater 
procedure  for  defect  ions,  and  a  host-crystal  environment  modeled  in  the  point-ion  approximation.  The  Ivey 
exponent  is  reproduced  in  most  cases  to  within  better  than  20%  using  this  model  in  the  alkali  halides.  The  wide 
range  of  Ivey  exponents  can  be  qualitatively  understood  in  terms  of  the  compressibility  of  the  defect. 

Key  words:  Color  Centers,  Electron-Excess  Centers,  F  Center,  U  Center,  Mollwo-Ivey,  Ivey  Law. 


1.  INTRODUCTION 


The  oldest  and  best  known  empirical  relation  used  in  studies  of  defects  in  insulators  is  the 
Mollwo-Ivey  power-law  relation^  between  a  defect’s  optical  absorption  energy,  and 
the  host-crystal  interionic  spacing,  a: 

Ed  =  Ca-^,  (1) 


where  C  is  an  energy-scale  factor,  and  n  is  the  Ivey  exponent.  While  originally  proposed 
for  F  centers,  this  relation  holds  for  many  electron-excess  defects  in  ionic  or  partially  ionic 
hosts.  Examples^’^  include  F  and  F-aggregate  centers,  and  substitutional  s^-configuration 
ions  including  H“  (U  centers),  Cu“ ,  Ag“  and  Au“  in  the  alkali  halides. 

Despite  its  long  history  and  wide  applicability,  the  physical  basis  of  the  Mollwo-Ivey 
‘law’  has  long  remained  incompletely  understood.  It  was  recently  shown^  that  the  Mollwo- 
Ivey  relation  holds  for  defects  whose  ground-state  rms  radii  have  a  linear  dependence  on 
the  host-crystal  interionic  separation.  The  key  to  this  insight  is  the  Vinti  sum  rule,^  which 
relates  the  mean-square  radius  of  a  quantum  mechanical  system’s  ground  state  to  the 
inverse  first  moment  of  the  system’s  dipole  absorption  spectrum.  That  is, 


(0 


0)=  “ 

2me  Ho 


(2) 


where  is  the  free-electron  mass  and 

TOO 

/i„  =  u^K{uj)du;  (3) 

Jo 

is  the  n*  moment  of  the  absorption  spectrum,  K{u;),  Since  the  dipole  oscillator  strength  of 
many  defects  in  ionic  materials  is  largely  concentrated  in  a  single  band,  the  Vinti  sum  rule 
takes  the  approximate  form 


t  This  work  was  supported  in  part  by  the  State  of  Vermont  and  the  National  Science  Foundation  under  EPSCoR 
Grant  RII— 8610679. 
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Nearest  Neighbor  Distance,  Rnn  (bohr) 


FIGURE  1 .  The  root-mean-square  radius  of  the  U  center  in  NaCI-structure  alkali  halides  as  a  function  of 
host-crystal  interionic  spacing.  Solid  circles:  radii  derived  via  the  Vinti  sum-rule  from  measured  U-band  spectra. 
Open  circles:  radii  calculated  from  ground-state  wave  functions  calculated  in  the  Hartree-Fock-SIater 
approximation  for  H“  ions  in  a  spherically  averaged  point-ion  crystal  field.  Note:  one  bohr  unit  equals  0.529  A. 


(0  I  I  0)  « 


2meEd 


(4) 


for  many  color  centers.  Corrections  to  this  simplified  form  have  been  studied"^  by  including 
the  F  center’s  weak  high-energy  transitions,  but  the  radii  found  by  including  all  known 
absorption  bands  are  only  2  to  5%  less  than  those  found  using  the  F  band  alone.  We  will, 
therefore,  use  Eq.  4  here. 


2.  GROUND-STATE  RADII 

The  rms  radii  found  by  applying  Eq.  4  to  a  number  of  centers  that  show  Mollwo-Ivey 
behavior  are  given  in  Table  I  for  representative  alkali  halides.  In  all  these  cases  the  rms 
ground-state  radius  is  considerably  less  than  the  normal  host-crystal  interionic  separation: 
F-center  radii  are  some  70  to  74%  of  the  interionic  distance;  substitutional  ionic  defects  are 
significantly  smaller,  some  40  to  50%  of  the  interionic  distance.  This  provides  strong 
verification  of  the  conventional  picture  for  these  defects  as  having  highly  localized  ground 
states  that  are  not  significantly  mixed  with  the  host-crystal  electronic  levels. 
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Nearest  Neighbor  Distance,  Rnn  (bohr) 


FIGURE  2.  The  root-mean-square  radius  of  substitutional  Ag“  ions  in  NaCl-structure  alkali  halides  as  a 
function  of  host-crystal  interionic  spacing.  Solid  circles:  radii  derived  via  the  Vinti  sum-rule  from  measured  Ag 
C-band  spectra.  Open  circles:  radii  calculated  from  ground-state  ion  wave  functions  calculated  in  the 
Hartree-Fock-S later  approximation  for  Ag“  ions  in  a  spherically  averaged  point-ion  crystal  field. 


A  second  conclusion  is  that  the  rms  radii  of  this  group  of  defects  is  very  nearly  a  linear 
function  of  the  host-crystal  interionic  spacing.  This  was  first  recognized  for  the  F  center 
(See  Ref,  4,  Figure  1).  Here  we  illustrate  it  for  the  substitutional  H"  (U  center)  and  Ag“ 
centers  in  NaCl-structure  alkali  halides. 


3.  MOLLWO-IVEY  PARAMETERS 

A  formal  theory  of  the  Mollwo-Ivey  relation  for  defects  with  the  majority  of  their  oscillator 
strength  concentrated  in  a  single  band  has  been  developed  by,  in  essence,  inverting  the 
above  procedure.  One  assumes  the  linear  relation, 

(0  1  I  0)2  =  H-  77.  (5) 

Then,  by  using  the  Vinti  sum  rule  in  its  approximate  form,  Eq.  4,  and  performing  a  Taylor- 
series  expansion  in  the  variable  a  about  a  convenient  average  interionic  spacing,  a^v,  one 
finds  [see  Ref.  4  for  details] 
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C 


3^^  alu 
2m  rl^  ’ 


(6) 


and 


\^ai//  1  H-  T]/^CIqp 

Here  raiy  is  the  rms  radius  corresponding  to  the  average  interionic  spacing,  aau- 

The  high  degree  of  ground-state  localization  of  the  centers  we  are  considering  allows  us 
to  model  them  in  a  crystal-field  approximation.  To  test  the  predictive  powers  of  the  sum- 
rule  theory  of  the  Mollwo-Ivey  relation,  we  have  calculated  the  ground  electronic  states  of 
the  F,  U,  and  noble-metal  centers  in  the  Hartree-Fock-Slater  approximation^  using  a 
spherically  averaged  point-ion  potential  to  model  the  surrounding  host  lattice  for  this  initial 
test  of  the  theory.  Examples  of  the  resulting  radii  are  given  for  the  H~  and  Ag“  ions  in 
Figures  1  and  2.  Comparison  of  these  calculated  radii  with  those  derived  from  absorption 
spectra  via  the  Vinti  sum  rule  shows  that  the  calculations  reproduced  the  ‘observed’  radii 
to  within  16%. 


Table  I 

Root-mean-square  radii  of  selected  electron-excess  centers  in  NaCl-structure  alkali  halides  that  satisfy 
Mollwo-Ivey  relations.  These  values  were  calculated  from  the  approximate  form  of  the  Vinti  sum  rule,  Eq.  4, 
which  assumes  all  the  defect’s  oscillator  strength  is  concentrated  in  a  single  symmetric  band;  absorption-band 
energies  were  taken  from  Ref.  3,  The  nearest-neighbor  interionic  separation  is  given  for  comparison.  The 
estimates  of  the  ionic  radii  for  s^  ions  derived  from  crystallographic  data  for  similar  ions  are  given  for 

comparisons. 

Defect  Radii  in  A  for  Various  Hosts  Crystal 

Data 


Defect 

NaCl 

NaBr 

KCl 

KBr 

KI 

RbCl 

RbBr 

Rbl 

Estimates^  A 

F  Centers 

2.04 

2.23 

2.23 

2.36 

2.47 

2.37 

2.48 

2.59 

U  Centers  (Sub.  H“) 

1.33 

1.39 

1.41 

1.45 

1.50 

1.46 

1.50 

— 

2.08 

Substitutional  Cu“ 

— 

— 

1.67 

1.70 

1.73 

— 

— 

— 

1.4-1. 8 

Substitutional  Ag“ 

1.59 

1.64 

1.62 

1.65 

1.69 

1.66 

1.68 

1.71 

1. 5-2.0 

Substitutional  Cu" 

— 

— 

1.45 

1.47 

1.50 

1.47 

1.49 

1.52 

1.5-1. 7 

Interionic  Spacing®  A 

2.81 

2.98 

3.14 

3.29 

3.53 

3.27 

3.43 

3.66 

a.  From  Singh,  Ref.  6. 

b.  From  Shimanuki  and  Nishimaki,  Ref.  3. 


Eqs.  6  and  7  for  the  parameters  in  the  Mollwo-Ivey  relation  involve  both  the  rms  radius 
of  the  defect  and  its  derivative  with  respect  to  a.  We  have  determined  the  derivative  by 
fitting  the  calculated  rms  radii  with  a  polynomial  in  a  and  evaluating  its  derivative  at  the 
Taylor-series  expansion  point,  aa,y,  which  was  normally  taken  as  the  mid-point  of  the  range 
of  interionic  separations  for  which  data  on  the  defect  in  question  are  available.  Table  11 
summarizes  the  results  of  evaluating  Eq.  7.  Here  we  have  treated  all  the  NaCl-structure 
alkali  halides  as  a  group.  ^  Experimental  values  of  the  exponent  derived  from  Mollwo-Ivey 
plots  of  observed  spectra  are  given  for  comparison.  Agreement  between  calculated  and 
experimental  values  of  n  is  quite  good  considering  the  approximations  made.  More 
importantly,  the  results  allow  us  to  interpret  the  physical  meaning  of  the  Ivey  exponent. 

According  to  Eq.  7,  the  Ivey  exponent  is  (to  within  a  factor  of  two)  a  measure  of  the 
spatial  ‘compressibility’,  d{r j Vav)  j diaj aav),  i*e.  the  rate  of  change  in  the  reduced  rms 
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radius,  rjrav,  with  respect  to  changes  in  the  reduced  host-crystal  spacing,  ajuav^  But  this 
derivative  depends  on  the  slope  and  intercept  parameters,  ^  and  7],  in  Eq,  5,  according  to 
which  the  defect  behaves  as  though  it  contained  a  hard  core  of  radius  rj. 

Applying  this  notion  to  the  present  data,  we  see  that  both  experiments  and  our 
calculations  yield  Ivey  exponents  that  divide  naturally  into  three  groups;  the  F  center  with 
n  ^  2;  the  U  center  with  n  1;  and  the  negative  noble-metal  ions  with  n  ~  0.5.  Table  II 
shows  that  a  similar  division  holds  for  the  F  center  has  the  smallest  value  of  r],  less  than 
0.3  A;  the  U  center  has  ry  ^  1.0  A;  and  the  noble-metal  centers  have  ry  ~  1.5  A.  If  7y  is 
interpreted  as  representing  an  effective  defect  core  radius,  it  is  reasonable  to  compare  the 
calculated  values  with  the  atomic  core  involved — a  hydrogen  atom  for  the  U  center  and  the 
corresponding  atoms  for  the  noble  metals.  Table  II  shows  there  is  very  good 
correspondence  between  ry  and  the  radii  of  these  atoms.  In  the  case  of  the  F  center  there 
is  no  ‘core’,  so  one  might  expect  7y  =  0,  not  the  observed  value  of  ^  0.3  A.  However, 
calculation  of  the  F  center’s  electronic  structure  for  small  lattice  spacings  show  that  as  the 
interionic  separation,  a,  decreases,  the  kinetic  energy  of  confinement  increases 

faster  than  the  potential  well’s  depth  As  a  result,  the  F-center  electron  delocalizes 

below  a  critical  radius  ac,  which  can  be  estimated  by  equating  the  Madelung  energy  to  the 
kinetic  energy  of  an  electron  confined  to  a  cubic  box  with  side  2ac.  The  result  is 
ac  =  37r^  fSa  bohr  units  (a  =  Madelung  constant)  or  approximately  one  Angstrom  which 
is  very  nearly  the  point  at  which  our  numerical  calculations  show  the  rms  radius  starts  to 
diverge.  Extrapolation  of  the  calculations  to  zero  lattice  constant  yields  an  apparent 
hardcore  size  of  approximately  0.3  A. 


Table  II 

Experimental  and  calculated  values  of  the  Ivey  exponent,  n,  for  defects  in  NaCI-structured  alkali  halides. 
Observed  atomic  radii  are  given  for  comparison  with  the  apparent  core  radius,  7).  Values  of  the  average  interionic 
spacing,  aau,  used  in  the  calculation  are  given  since  n  is  weakly  dependent  on  the  value  chosen. 


Defect 

n 

Fit  to  Experiment® 

? 

7?(A) 

Atomic 

Radii*’ 

A 

HFS-PointTon 

Model" 

n  aai/(A) 

F  Centre 

1.77 

0.64 

0.27 

— 

1.67 

2.84 

U  Centre  (Sub.  H”) 

1.10 

0.28 

0.52 

0.78 

0.65„ 

2.84 

Substitutional  Cu"  (C  band) 

0.654 

0.15 

1.20 

1.27 

0.57 

3.32 

Substitutional  Ag“  (C  band) 

0.54 

0.13 

2.35 

1.44 

0.62 

3.24 

Substitutional  Au“  (C  band) 

0.583 

0.13 

0.97 

1.44 

0.53 

3.40 

a)  Absorption  band  energies  taken  from  Ref.  3. 

b) From  Ref.  9,  Appendix  B. 

c)  Based  on  a  parabolic  fit  to  calculated  rms  radii  vs.  interionic  spacing.  Full  Slater  exchange  used  in  HFS 
computations. 


In  summary,  we  have  calculated  the  ground-state  radii  of  a  number  of  typical  color 
centers  in  the  alkali  halides  which  are  known  to  obey  Mollwo-Ivey  relations.  We  find  that 
all  ground-state  radii  are  significantly  smaller  than  the  interionic  spacing.  Such  centers  can 
be  treated  in  a  crystal-field  model.  Accordingly,  we  have  calculated  the  defect  rms  radii 
using  the  Hartree-Fock-Slater  procedure  and,  for  this  initial  test,  a  point-ion  crystal  field. 
From  the  predicted  radii  we  then  calculated  the  Ivey-exponent  using  the  Vinti  sum-rule 
theory  of  the  Mollwo-Ivey  relation.  The  results  are  in  good  agreement  with  experiment  and 
lead  to  the  interpretation  of  the  Ivey  exponent  as  a  measure  of  a  defect’s  spatial 
compressibility.  Small,  but  systematic,  differences  between  the  present  results  and 
experiment  are  attributed  to  ion-size  effects,  which  we  plan  to  investigate  in  the  future. 
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It  is  known  that  high  ionic  conductivity  in  fluorite-structured  materials  is  associated  with  thermally  created 
Frenkel-type  disorder  at  temperatures  well-below  the  melting  point.  Using  crystalline  L/2O  as  a  model  system,  we 
studied  the  mechanism  of  formation  of  Frenkel  pairs  at  temperatures  close  to  the  transition  to  the  fast-ionic  phase, 
and  ionic  motion  at  temperatures  above  the  transition  point.  The  dynamical  behaviour  of  lithium  oxide  has  been 
studied  using  both  lattice  dynamics  within  the  quasi-harmonic  (QH)  approximation  and  molecular  dynamics 
(MD). 

The  QH  approximation  allows  one  to  evaluate  the  Helmholtz  free  energy  of  a  crystal  in  a 
microscopic  model,  while  neglecting  configurational  entropy  effects.  The  temperature 
dependence  of  the  lattice  parameter,  elastic  constants,  heat  capacity  and  vibrational  spectra 
were  calculated  within  this  approximation  and  compared  with  available  experimental  data. 
This  comparison  proved  the  ability  of  both  the  shell-model  and  rigid  ion  model  to  describe 
not  only  static  but  also  thermodynamic  properties  of  crystalline  lithium  oxide.  The  phonon 
dispersion  w(q)  and  phonon  density  of  states  were  calculated  at  various  temperatures, 
simulated  by  lattice  expansion.  Figure  1  shows  the  phonon  dispersion  at  10  K  and  at 
1000  K,  as  well  as  the  corresponding  density  of  states  obtained  within  the  QH 
approximation.  The  remarkable  feature  of  these  results  is  the  peak  in  the  transverse  Raman 
(TR)  mode  and  the  minimum  in  the  longitudinal  optical  (LO)  mode,  which  occur  at  the 
same  k-point,  namely  (0.66,  0.66,  0).  Futhermore,  these  branches  approach  one  another  as 
the  temperature  increases,  and  have  a  tendency  to  cross  near  this  k-point.  Therefore,  we 
calculated  the  dispersion  along  the  [0.66,  0.66,  kz]  direction  and  found  considerable 
softening  of  the  modes  as  the  temperature  approaches  the  fast-ionic  phase  transition  point. 
Analysis  of  vibrational  data  provides  the  following  scenario  for  Frenkel  pair  formation. 
Mode  softening  leads  to  the  loss  of  relative  phase  of  Li^  ions  moving  aJong  the  [100] 
crystal  direction  (as  the  TR  mode  disappears),  so  that  the  ionic  motion  can  be  considered 
as  that  of  a  set  of  coupled  oscillators.  As  soon  as  a  few  neighbouring  ions  get  in  phase,  a 
large  amplitude  coherent  motion  rapidly  develops  along  (100)  direction.  Such  fluctuations 
propagate  a  caterpillar-like  mechanism,  whereby  a  Li^  ion  moves  into  the  cube-interstitial 
position,  while  the  rest  of  the  chain  of  ions  moves  simultaneously  along  (100),  each  ion 
filling  the  site  vacated  by  its  nearest-neighbour.  Thus  an  interstitial  ion  and  a  cation 
vacancy,  separated  by  a  few  unit  cells,  can  be  created  within  the  same  elementary  act. 

To  verify  our  deductions  from  the  QH  approximation  we  employed  the  MD  method, 
which  follows  the  time  evolution  of  the  positions  and  velocities  of  a  small  ensemble  of 
particles  at  constant  N,V,E.  These  MD  simulations  have  revealed  a  remarkable 
justification  of  the  model  for  Frenkel  defect  formation  suggested  by  lattice  dynamics. 
Figure  2,  illustrates  the  coherent  motion  of  three  Li^  ions  involved  in  the  formation  of  a 
stable  interstitial.  Ions  1,2,3  show  positive  X  displacements  between  time  steps  A/  =  3230 
and  3300.  Simultaneously  ion  1  undergoes  displacements  in  the  Y~  and  directions 
which  result  in  the  the  formation  of  an  interstitial.  The  MD  simulation  of  a  LiiO  crystal  at 
T  =  1000  K  shows  a  large  number  of  such  fluctuations  involving  highly  coherent  motion 
of  2  or  3  Li  ions. 

In  the  fast  ionic  regime,  simulated  at  1700  K,  radial  distribution  functions  (RDF)  show 
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FIGURE  1  Phonon  dispersion  curves  together  with  the  phonon  DOS  calculated  at  10  K  and  1000  K,  using  the 
shell-model  within  the  quasi-harmonic  approximation. 


for  0-0  a  succession  of  well-defined  peaks,  while  for  Li-0  RDF  peaks  are  less-well 
defined  from  nearest  neighbours  onwards,  and  for  Li-Li  they  are  much  more  diffuse. 
This  indicates  a  well-defined  O  sublattice  but  a  more  diffuse  Li  sub-lattice  because  of 
intensive  ionic  motion.  The  time-averaged  Li^  density  function  n{x)  shows  non-zero 
values  between  ion  sites  along  (100),  confirming  motion  is  mainly  along  (100),  but  «(r)  is 
extremely  small  between  ion  sites  along  (110)  due  to  relatively  few  (110)  jumps.  Along 
(111)  «(r)  is  significant  between  ion  sites,  suggesting  interstitials  and  ionic  motion  by  the 
non-collinear  interstitialcy  mechanism.  Projections  of  particle  positions  on  XY,  YZ  or  ZX 
planes,  and  also  single-ion  trajectories,  show  that  vacancy  jumps  occur  in  about  0.2  ps,  that 
is  in  about  5  vibrational  periods,  in  contrast  to  Frenkel  defect  formation,  which  occurs  in 
two  vibrational  periods,  due  to  the  concerted  motion  of  (  100  )  chains  of  2,3  ..  Li^  ions. 
Three-dimensional  plots  of  the  density  in  (100)  planes  show  Li^  ions  concentrated  on 
lattice  sites  but  with  significant  density  along  (  100  )  directions  due  to  ions  in  motion 
between  sites.  Similar  plots  in  (400)  planes  show  zero  Li'^  density  at  the  two  cube-centre 
sites  occupied  by  0^“,  but  significant  density  (Figure  3)  in  the  two  alternate  cube-centre 
sites  and  along  (110)  directions  connecting  these  sites,  suggesting  (110)  direct  jumps. 
Thus  the  consistent  application  of  lattice  dynamics  and  molecular  dynamics  is  proving  a 
valuable  aid  to  understanding  the  details  of  defect  formation  and  motion. 

Finally,  comparison  of  the  phonon  dispersion  curves  for  several  other  crystals  with  the 
fluorite  structure  show  similar  features  in  the  behaviour  of  TR  and  LO  modes.  Therefore, 
we  believe  that  the  same  fluctuations  are  responsible  for  the  fast-ionic  phase  transition  in 
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FIGURES  2  A  particular  example  of  coherent  ionic  motion  in  real  time,  extracted  from  a  rigid  ion  (NVE)  MD 
run  at  1000  K.  Simulation  box  of  324  ions  with  a  density  taken  from  the  quasi-harmonic  estimate  of  the  thermal 
lattice  expansion.  These  are  the  fluctuations  responsible  for  the  creation  of  spatially  separated  Frenkel  defects,  by 
the  first  ion  moving  into  the  interstitial  position  and  the  other  2,  3  or  even  more  ions  following  simultaneously  into 
their  nn-site  along  the  (100)  direction.  (Time  interval  =  2.5  fs) 
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LITHIUM 


PLANE  ((4,0,0)) 


FIGURE  3  Density  of  Li'^  ions  in  the  (400)  plane.  In  a  perfect  Li20  crystal  at  low  T  this  plane  would  contain 
only  a  pair  of  ions. 


all  materials  with  this  structure.  Indeed,  a  similar  mechanism  for  Frenkel  defect  formation 
has  been  observed  in  MD  of  SrCl2. 
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The  reliability  of  the  lattice  simulations  depends  on  the  quality  of  the  potentials  used.  Hence,  the  interionic 
potentials  of  CdF2  were  derived  and  used  in  the  calculations  of  the  crystal  bulk  data.  The  temperature 
dependences  of  elastic  constants  is  investigated.  Elastic  properties  are  predicted.  The  complementary  studies 
using  Brillouin  scattering  methods,  show  that  the  disorder  at  the  transition  temperature  (T^  ~  900  K)  results  in 
an  abrupt  decrease  in  the  elastic  constant  C,,.  Both  methods  show  that  the  elastic  constants  linearly  decrease 
with  increasing  temperature  within  the  low  temperature  region.  Similar  trends  have  been  observed  in  other 
fluorites.  This  shows  that  our  interionic  potentials  reproduce  the  behaviour  of  CdF2  reasonably  well. 

Key  words'.  CdF2,  elastic  constants,  lattice  simulation,  interionic  potentials,  lattice  parameter,  Brillouin 
scattering. 


1  INTRODUCTION 

Compounds  with  a  fluorite  structure  have  been  extensively  studied  both  experimentally 
and  theoretically.  Most  of  these  fluorites  (e.g.  CaF2,  PbF2,  etc)  undergo  a  transition  to  a 
fast-ion  phase,  above  a  characteristic  temperature  T^.,  where  a  significant  reduction  in  certain 
elastic  constants  and  a  substantial  rise  in  ionic  conductivity  occur  on  the  fluorine  sublattice.  ‘ 

Although  pure  CdF2  has  a  fluorite  structure,  its  high  temperature  behaviour  is  still  not 
well  known.  However,  an  addition  of  CdF2  to  fluorites  like  PbF2,  reduces  the  transition 
temperature  of  the  latter  quite  considerably.^  Hence,  a  better  understanding  of  the  elastic 
properties  of  this  compound  is  necessary. 

In  the  present  work  we  present  the  empirically  derived  shell  model  and  rigid  ion 
potentials  of  CdF2,  for  molecular  statics  studies.  This  will  be  followed  by  calculated  bulk 
crystal  data  such  as  the  elastic  constants.  To  complement  these  studies,  we  have 
conducted  Brillouin  scattering  measurements  on  this  compound  in  order  to  study  the 
effect  of  disorder  on  the  elastic  constants  of  CdF2.  The  results  obtained  are  also  compared 
with  those  of  other  alkaline-earth  fluorides  to  check  whether  the  same  behaviour  is 
observed. 


2  INTERIONIC  POTENTIALS 

Interionic  potentials  are  used  in  predicting  structural  and  thermodynamic  data  of  ionic 
crystals.  The  lattice  energy  of  the  crystal  is  given  by 

i>j  'ij  i>j 
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where  qiqj/ry  and  </)ij,  are  the  Coulomb  and  the  short-range  interactions,  respectively.  The 
latter  describes  the  effects  of  overlap  of  the  electron  charge  clouds  of  the  interacting  ions. 
The  most  popularly  used  expression  in  simulating  ionic  solids  has  the  Buckingham  form 

^ij(r)  =  Aij  exp(-r/Aj)  -  Cij/r^  (2) 

Ionic  polarisability  is  treated  using  the  shell  model,  where  an  ion  is  simulated  by  a  massless 
shell  linked  to  a  core  by  a  harmonic  spring.  The  free-ion  polarisability  is  defined  by 

a,  =  Yi'e'/ki  (3) 

where  Yje  is  the  shell  charge  and  kj  is  the  spring  constant.  Polarisation  and  short-range 
interactions  are  coupled  by  allowing  repulsive  forces  to  act  only  between  the  shells.^  The 
rehability  of  the  simulation  depends  on  the  appropriate  determination  of  the  potential 
parameters  in  equations  (2)  and  (3). 


3  COMPUTATIONAL  PROCEDURE 

Short-range  potential  parameters  of  CdF2  were  derived  empirically  using  a  THBFIT  code."^ 
The  least-squares  fitting  procedure  was  used  where  potential  parameters  were  adjusted  to 
the  crystal  bulk  data  (i.e.  elastic  and  dielectric  constants). 

Perfect  lattice  calculations  were  computed  using  the  basic  principles  embodied  in  the 
THBREL  code."^  Firstly,  a  fluorite  unit  cell  was  specified  and  repeated  infinitely  in  space. 
Furthermore,  the  elastic  constants  were  calculated  from  the  second  derivatives  of  the 
lattice  energy  with  respect  to  lattice  strains.  Finally,  the  temperature  dependence  of  the 
elastic  constants  were  simulated  from  the  change  of  the  lattice  parameter  of  CdF2  with 
temperature.^ 


4  EXPERIMENTAL  PROCEDURE 

In  the  present  investigation,  the  Brillouin  scattering  measurements  were  carried  out  using 
the  488  nm  line  from  an  argon-ion  laser  operated  in  a  single  mode  and  analysed  with  a 
triple-pass  Fabry-Perot  interferometer.  The  Brillouin  shift  v  and  the  velocity  of  the  acoustic 
phonons  V  are  related  by 


V  =  (2nVwyc)  sin(^/2)  (4) 

where  n  is  the  refractive  index  of  the  material,  w^  is  the  frequency  of  the  incident  light,  and 
Q  is  the  scattering  angle,  chosen  to  be  90°. 

Cadmium  fluoride  samples  typically  of  the  size  3x3x3  mm^,  were  cut  out  from  the 
single  boules  which  had  been  oriented  using  the  Laue  back-reflection  technique.  The 
procedure  followed  is  outlined  elsewhere.^ 

In  the  present  report  the  samples  were  prepared  for  studies  along  the  [100]  phonon 
propagation.  Acoustic  mode  frequencies  associated  with  C,i  were  measured  in  the 
temperature  range  300  -  1100  K.  The  temperature  dependence  of  the  elastic  constants 
could  be  related  to  provided  that  changes  in  dominate  those  in  p/n^,  so  that 
C,,a(p/n^)i/^  becomes 
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5  RESULTS  AND  DISCUSSIONS 

Figure  I  shows  the  lack  of  anomaly  in  the  temperature  variation  of  the  lattice  parameter 
with  temperature  for  CdF2  in  the  temperature  range  300-800  K. 

The  calculated  lattice  properties  evaluated  from  the  potential  models  are  given  in  table 
1.  Most  of  these  properties  are  fairly  reproduced  by  these  models,  with  the  exception  of 
Ci2  which  is  underestimated  by  the  rigid-ion  model.  However,  the  latter  potentials  have 
been  found  to  be  satisfactory  in  molecular  dynamics  simulations  provided  that  static 
dielectric  constants  are  correctly  predicted.^ 

It  is  evident  from  our  simulation  studies  that  linear  reductions  occur  in  the  temperature 
dependence  of  the  elastic  constants  (Figure  2).  The  calculations  were  based  on  the  quasi¬ 
harmonic  theory  of  Garber  and  Granato.^ 


Temperature  (K) 

FIGURE  1  The  variation  of  the  lattice  parameter  of  CdF2  with  temperature^ 


TABLE  I 


Crystal  bulk  data  of  cadmium  fluoride  at  room  temperature. 


Elastic  constants 

Dielectric  constants 

C,2(GPa) 

C44(GPa) 

^0 

Co. 

Calculated 

Shell  model 

188.10 

48.10 

19.60 

9.46 

2.23 

Rigid-ion 

182.60 

20.83 

20.97 

8.95 

0.00 

Experiment 

184.00(183.8)* 

67.00 

21.80 

9.00 

2.43 

*Our  Brillouin  scattering  experimental  value. 
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Temperature  (K) 

FIGURE  2  The  temperature  dependence  of  the  calculated  elastic  constants  of  CdF2. 


Temperature  (K) 


HGURE  3 


The  temperature  dependence  of  the 


square  of  Brillouin-scattering  frequency  in  CdF 
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TABLE  II 

A  comparison  of  the  calculated  and  experimental  temperature  gradients  dC^/dT  of  the 
various  elastic  constants  of  CdF2  below  800  K. 


Cii 

Calculated 

Experimental 

%  Deviations 

(MPa/K) 

(MPa/K) 

Cn 

33.9 

62.8 

46.0 

C|2 

20.6 

C44 

9.7 

The  behaviour  of  the  mode  frequency  and  its  associated  elastic  constant  Cj,  is 
shown  in  Figure  3.  A  clear  linear  initial  fall  in  the  mode  frequency  with  temperature 
persists  up  to  about  900  K  and  is  followed  by  an  abrupt  reduction.  These  substantial 
reductions  in  the  mode  frequency  marks  the  onset  of  the  diffuse  superionic  transition.  We 
also  note  in  comparing  our  room-temperature  values  with  the  Brillouin  scattering  results 
that,  the  value  of  Cn  is  well  reproduced  by  our  interionic  potentials. 

Further  support  is  provided  by  our  molecular  dynamics  results,^  which  predicted  the 
diffuse  transition  temperature  to  the  fast-ion  phase  (T^.  ~  993  K),  and  also  highlighted  that 
migration  in  CdF2  occurs  via  a  fluorine  vacancy  mechanism. 

Estimates  of  the  elastic  constants  gradients  are  given  in  table  IL  Our  calculations  show 
large  variations  in  whereas  for  C12  and  C44,  smaller  variations  were  obtained.  Our 
calculated  linear  reduction  in  Cn  is  smaller  than  the  experimentally  observed  value.  This 
discrepancy  arise  froni  the  difference  between  theory  and  experiment  for  the  elastic 
constants  themselves. 

The  present  investigation  strongly  indicates  that  our  data  for  CdF2  are  typical  of  those 
of  other  fluorites.  Hence,  this  study  has  provided  further  supporting  evidence  that  CdF2  is 
a  superionic  conductor. 
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Dipole  aggregation  in  rare- earth-doped  fluorides,  using  the  HADES  code  to  calculate  the  energies  of  the  defects 
was  extensively  studied.  The  binding  energy  values  determined  for  dipoles  and  dimers  agree  quite  well  with 
published  data.  The  possibility  of  creation  of  mixed  dimers  took  into  account  the  size  of  the  impurities  and  also 
the  electronic  configuration.  The  results  obtained  confirmed  that  binding  energies  depend  upon  the  ionic  radius 
of  the  impurities  and  revealed  a  preferential  order  for  the  formation  of  mixed  dimers.  For  the  impurities  with 
ionic  radii  larger  than  or  very  near  to  that  for  calcium  the  chance  of  forming  mixed  dimers  is  greater  than  for 
smaller  impurities.  The  obtained  values  of  the  energies  confirm  the  possibility  of  mixed  dimer  creation  although 
simple  dimers  are  preferentially  formed  first. 

Key  words:  fluorides,  dipoles,  dimers  binding  energy  and  static  simulation. 


1  INTRODUCTION 

Calcium  fluoride  solutions  with  trivalent  rare-earth-fluorides  were  extensively  investigated 
using  Static  Defect  Simulations.  Nevertheless,  the  occurence  of  dimers  of  different  impurities 
has  never  been  considered.  It  is  well  known  that  calcium  fluoride  forms  a  wide  range  of  solid 
solutions  with  other  fluorides,  referred  to  as  ‘anion  excess  fluorides’,  whose  predominant 
defects  are  dipolar  complexes  formed  by  substitutional  trivalent  ions  in  a  Ca^^  site  (M^^)  and 
an  interstitial  fluorine  (Fj")  in  the  nearest  neighbour  (nn)  site.*  In  spite  of  several  studies 
dealing  with  the  theory  of  defect  aggregation  in  fluorides^’^’^’^  the  contribution  of  this  work 
was  to  calculate  the  activation  energies  of  the  aggregation  processes  originated  by  the  presence 
of  two  different  impurities  in  the  crystal  structure  forming  the  dimer.  The  calculations  allow 
distinction  to  be  made  among  various  possible  configurations  of  small  dipole  clusters,  like 
dimers,  and  the  variation  of  the  stability  of  these  dimers  with  the  size  of  the  dopant  ion. 


2  METHOD  OF  CALCULATION 

The  defect  simulation  procedures  programmed  in  the  Harwell  Automatic  Defect 
Examination  System  (HADES)  code,  provided  by  the  Harwell  Laboratory,  U.K.,  include 
an  accurate  treatment  of  lattice  relaxation.  The  total  energy  of  the  system  is  minimized  by 
a  relaxation  of  the  ions  surrounding  a  defect.  This  relaxation  decreases  fairly  rapidly  for 
distances  away  from  the  defect.  The  method  generally  adopted  is  based  on  the  ‘two  regions 
strategy’,  where  the  crystal  surrounding  the  defect  is  divided  into  two  regions.  In  the  inner 
region  (region  I),  immediately  surrounding  the  defect,  atoms  interact  atomistically,  through 
interatomic  potentials  and  outside  this  region,  the  forces  become  relatively  weak  and  a 
dielectric  continuum  approximation  following  Mott  and  Littleton^  is  employed.  In  the 
present  calculations,  consistent  region  I  sizes  of  90  ions  were  used. 


*  The  participation  in  the  conference  was  supported  by  Funda^ao  de  Amparo  a  Pesquisa  do  Estado  de  Sao 
Paulo  (FAPESP). 
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3  RESULTS 

3 . 1  Homogeneous  Dimers 

The  first  calculations  were  done  assuming  two  dipoles  of  the  same  kind  of  impurity  in  four 
different  configurations,  as  is  shown  in  Figure  1 .  According  to  the  results,  all  four  models 
may  occur  but  the  first  one  is  the  most  stable.  Analysing  the  binding  energy  it  is  possible 
to  conclude  that  only  the  first  configuration  is  permitted,  transforming  the  binding  energy 
into  a  very  important  parameter  in  this  study.  This  energy  is  obtained  subtracting  the 
formation  energy  of  the  two  individual  dipoles  from  the  formation  energy  of  the  dimer. 

3.2  Mixed  Dimers 

The  possibility  of  a  dimer  formation  from  two  dipoles  of  two  different  impurities  has  been 
considered,  following  the  same  four  configurations  used  in  the  case  of  homogeneous  dimers 
and  combining  the  seven  lanthanide  ions;  Lu,  Yb,  Er,  Tb,  Gd,  Eu  and  La.  All  the  parameters 
were  taken  from  the  work  done  by  the  group  of  Catlow^"^  on  defects  formed  with  ions 
in  fluorides.  The  calculation  followed  the  same  procedure  as  before,  first  obtaining  the 
formation  energy  and  then  the  binding  energy.  All  the  possible  configurations  of  dimers 
were  considered,  a  total  of  21  combinations  in  five  different  situations.  In  the  case  of 
configuration  2,  for  two  different  impurities,  there  are  now  two  different  possibilities.  Again, 
configuration  1  is  the  most  favourable  one,  followed  by  the  second  one  where  the  larger 
dopant  ion  is  situated  between  two  fluorine  ions.  In  general,  the  configuration  presenting 
higher  energy  values  always  contain  one  La^^  ion  and  the  lower  energy  values,  one  Yb^^ 
ion,  suggesting  that  the  formation  energy  values  are  dependent  on  the  size  of  the  rare-earth 
dopant.  On  the  other  hand,  for  the  binding  energies,  dimers  containing  La^"^  present  the 
lowest  values,  reinforcing  the  correlation  between  energy  values  and  ionic  radii  of  the 
dopant  ion.  In  an  attempt  to  correlate  formation  and  binding  energies  with  the  ionic  radius 
of  the  second  dopant  ion,  Figures  2  and  3  were  done.  In  general,  the  formation  energy 
increases  with  the  ionic  radius  of  the  second  dopant  ion  (Figure  2),  but  the  binding  energy 
of  the  dimers  decreases  (Figure  3).  When  the  two  impurities  have  approximately  the  same 
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The  four  models  suggested  for  dimers. 
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size,  this  effect  is  not  observed.  In  Table  I  the  order  of  formation  of  dimers  is  presented, 
taking  as  a  guide  the  binding  energies.  In  all  cases,  the  homogeneous  dimers  come  in  the 
first  place  followed  by  the  mixed  dimers  where  Lanthanum  is  one  of  the  impurity  ions. 
This  confirms  the  tendency  of  ions  larger  than  calcium  to  form  small  aggregates  of  dipoles. 
The  examination  of  the  dipoles  in  pairs  originated  Table  11.  After  each  pair  there  are  sets 
of  three  numbers,  the  first  and  the  second  ones,  representing,  respectively,  the  simple  dimer 
of  the  larger  impurity  ion  (1)  and  the  simple  dimer  of  the  smaller  impurity  ion  (2)  and  the 
third  one  representing  the  dimer  of  both  impurity  ions  (3).  The  mixed  dimers  are  always 
in  last  place  in  the  preference  order.  For  Gd-Tb,  Gd-Yb,  Er-Yb  and  Er-Lu,  an  inversion  in 
the  preferential  order  is  observed,  the  smaller  dimer  coming  before  the  larger  one.  From 
Figure  2  one  perceives  that  the  energy  values  are  minimum  for  Lu,  Yb  and  Tb.  This  means 
that  the  expected  behaviour  is  not  always  that  strictly  related  to  the  ion  sizes. 


4  CONCLUSIONS 

Although  two  dipoles  with  two  different  impurity  ions  can  form  a  dimer  without 
violating  stability  conditions,  simple  dimers  with  two  dipoles  of  the  same  impurity  ion  are 
frequently  formed  first.  Among  the  four  configurations  for  dimers  considered  in  this  work. 


TABLE  I 


The  preferential  order  of  dimers  in  terms  of  binding  energies. 


order 

dimer 

order 

dimer 

1 

La-La 

15 

Tb-Eu 

2 

Eu-Eu 

16 

Yb-Eu 

3 

Tb-Tb 

17 

Lu-Eu 

4 

Yb-Yb 

18 

Gd-Eu 

5 

Gd-Gd 

19 

Er-Tb 

6 

Lu-Lu 

20 

Yb-Er 

7 

Er-Er 

21 

Yb-Tb 

8 

Eu-La 

22 

Lu-Er 

9 

Er-La 

23 

Er-Gd 

10 

Yb-La 

24 

Lu-Tb 

11 

Tb-La 

25 

Tb-Gd 

12 

Lu-La 

26 

Lu-Yb 

13 

Gd-La 

27 

Yb-Gd 

14 

Er-Eu 

28 

Lu-Gd 

TABLE  II 


Formation  order  of  dimers.  (1)  Simple  dimer  of  the  larger  impurity  ion,  (2)  simple  dimer  of  the  smaller  impurity 

ion  and  (3)  dimer  of  both  impurity  ions. 


dimer 

formation 

order 

dimer 

formation 

order 

dimer 

formation 

order 

La-Eu 

1,2,3 

Eu-Tb 

1,2,3 

Gd-Lu 

1,2,3 

La-Gd 

1,2,3 

Eu-Er 

1,2,3 

Tb-Er 

1,2,3 

La-Tb 

1,2,3 

Eu-Yb 

1,2,3 

Tb-Yb 

1,2,3 

La-Er 

1,2,3 

Eu-Lu 

1,2,3 

Tb-Lu 

1,2,3 

La-Yb 

1,2,3 

Gd-Tb 

2,1,3 

Er-Yb 

2,1,3 

La-Lu 

1,2,3 

Gd-Er 

1,2,3 

Er-Lu 

2,1,3 

Eu-Gd 

1,2,3 

Gd-Yb 

2,1,3 

Yb-Lu 

1,2,3 
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the  number  1,  where  the  two  dipoles  are  parallel,  side  by  side  in  opposite  directions  turn 
out  to  be  the  most  stable  in  all  cases.  Analysis  of  the  formation  energies  showed  that  Yb 
presents  the  lowest  values  although  being  one  of  the  smallest  ions  considered  in  the 
calculation.  It  is  well  known  that  for  large  ions  the  tendency  in  forming  small  aggregates, 
like  dimers,  is  increased.  One  possible  explanation  is  that  Yb  is  the  only  element  from  the 
lanthanide  series  presenting  closed  shells.  The  analysis  of  the  binding  energies  showed 
that  La  has  preference  upon  all  the  other  ions  in  forming  dimers.  In  this  case,  ion  size 
explains  this  behaviour,  because  this  is  the  only  impurity  ion  larger  than  Ca,  confirming 
that  large  ions  preferentially  form  small  aggregates. 
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THEORETICAL  STUDY  OF  THE  COORDINATION  OF 
THE  Cj^+  ion  in  a-AbOa 
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The  local  arrangement  of  a  substitutional  Cr^’’'  ion  for  an  AP"*"  ion  in  corundum  is  studied  by  means  of  first- 
principles  pairwise  simulations  and  quantum-mechanical  ab  initio  Perturbed  Ion  calculations.  Our  investigation  is 
organized  in  two  steps., First,  we  determine  the  cohesive  properties  of  the  host  lattice  by  calculating  the  set  of  four 
crystalline  parameters  that  makes  minimum  the  total  energy  of  corundum.  Secondly,  we  solve  cluster  models  of 
increasing  complexity  centered  at  the  Cr^'*'  site  and  embedded  in  the  previously  computed  crystal  potential.  This 
is  a  consistent  strategy  that  contributes  to  determine  the  local  geometry  of  Cr^'*’  in  a-AbOs. 

Key  words’.  Corundum,  Ruby,  Cluster-in-the-lattice,  Ab  initio  calculations,  Local  geometry. 


1  INTRODUCTION 

There  exists  experimental  controversy  and  limited  data  concerning  the  position  of  the 
substitutional  Cr^"^  ion  and  its  local  environment  in  the  ruby  crystal.  From  the  analysis  of 
x-ray,  ^  ENDOR,^  and  optical  spectra,^  the  values  reported  for  the  displacement  of  the 
Cr^"^  along  the  C3  axis  spread  a  range  from  -0.06  A  to  +0.13  A,  with  respect  to  the 
position  of  the  Al^"^  ion  in  the  perfect  lattice  of  corundum.  From  the  XAFS 
measurements,"^  the  two  shortest  Cr-O  distances  have  been  determined  to  be  1.95  A  and 
2.04  A,  but  the  three  dimensional  distribution  of  the  six  oxygens  surrounding  Cr^"^  has 
only  been  tentatively  suggested. 

It  is  our  aim  in  this  contribution  to  present  the  preliminary  results  of  an  investigation 
directed  to  the  theoretical  determination  of  the  Cr^+  coordination  in  ruby.  To  this  end  we 
make  use  of  a  first-principles  strategy  that  consists  in  cluster-in-the-lattice  calculations 
combining  atomistic  simulations  and  a  quantum-mechanical  ab  initio  technique. 


2  COMPUTATIONAL  TECHNIQUES  AND  CLUSTER  MODELLING 

To  determine  the  local  relaxation  around  a  given  impurity  (I)  embedded  in  a  crystalline 
field,  it  is  necessary  to  compute  the  effective  energy  of  a  set  of  ions  formed  by  the  impurity 
and  the  ions  affected  electronically  or  geometrically  by  it.  That  set  of  ions  constitutes  the 
cluster  (C),  whereas  the  rest  of  the  crystal  forms  the  lattice  environment  (L).  In  this  work, 
we  have  considered  clusters  containing  from  one  to  seven  ions  (Cr06:Q;-Al203)  and 
including  up  to  five  different  geometrical  degrees  of  freedom  (the  z  coordinate  of  all  the 
ions,  and  the  x  coordinates  of  the  two  triangles  of  oxygens,  see  Figure  1).  We  start  our 
study  by  performing  total  energy  calculations  in  the  perfect  Q'-A1203  crystal.  The  first 
computational  tool  used  has  been  a  Hartree-Fock  local  scheme,  the  aiPI  model.^  After  the 
optimization  of  the  four  crystal  parameters  that  define  the  unit  cell  of  corundum  (a,  c,  Xo, 
and  zai)  we  have  the  ionic  electronic  densities  (lEDs)  and  the  crystalline  positions  of  the 
ions,  which  are  necessary  to  modelize  the  L  region  in  the  cluster-in-the-lattice  calculations. 
Furthermore,  the  lEDs  provide  the  input  to  generate  crystal  consistent  interionic  potentials 
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FIGURE  1  The  Cr06:Q;-Al203  cluster  configuration  according  to  PAIRPOT  calculations. 


COORDINATION  OF  Ct^+  IN  CORUNDUM 


125 


(CCIPs)  following  an  Electron  Gas  Model  procedure  developed  in  our  laboratory.^  The 
quality  of  these  CCIPs  is  then  examined  by  computing  the  equilibrium  parameters  of  the 
perfect  crystal  with  the  pairwise  simulation  scheme  implemented  in  the  PAIRPOT  codcJ 
Concerning  the  cluster-in-the^lattice  calculations,  both  PAIRPOT  and  aiPI  are  again 
used  to  minimize  the  effective  energy  of  clusters  of  increasing  size.  In  this  type  of 
calculation,  PAIRPOT  is  shown  to  be  a  very  efficient  tool  that  helps  to  design  the  more 
accurate  and  time  consuming  quantum-mechanical  calculations. 


3  RESULTS  AND  DISCUSSION 

The  most  interesting  results  for  the  perfect  crystals  are  collected  in  Table  I.  Both,  a-Al203 
and  Cr203,  have  the  same  unit  cell  definition.  Lattice  parameters  are  greater  for  the  Cr203 
crystal  in  correspondence  with  a  greater  ionic  radius  for  the  transition  metal  than  for  the 
AP"^  ion.  The  theoretical  data  are  qualitatively  in  agreement  with  the  observed  values,  both 
in  the  aiPI  and  PAIRPOT  calculations,  and  the  aiPI  values  are  also  in  quantitative  good 
agreement  with  the  experiments. 


Table  I 

Unit  cell  parameters  for  q:-A1203  and  Cr203. 


PAIRPOT 

a  —  AI2O3 
aiPI 

Ref.8 

PAIRPOT 

Cr203 

aiPI 

Ref.8 

a(A) 

4.394 

4.770 

4.761 

5.122 

5.292 

4.961 

c(A) 

12.003 

12.952 

12.995 

13.706 

13.736 

13.599 

Xo 

0.3084 

0.2999 

0.3061 

0.3048 

0.2945 

zai 

0.3558 

0.3576 

0.3522 

0.585 

0.3593 

In  Table  II,  we  include  the  two  shortest  calculated  Cr^'^-0^“  distances  (dl  and  62)  in 
the  ruby  crystal.  The  results  from  PAIRPOT,  where  the  five  coordinates  specified  before 
are  left  free  in  the  minimization  of  the  effective  energy  of  the  cluster  (Cr06)^~:a-Al203, 
are  completely  reasonable  in  the  sense  that  dl  and  62  lie  in  between  the  metal-oxide 
distances  obtained  for  both  perfect  crystals.  The  3-dimensional  configuration  around  Cr^"^ 
is  depicted  in  Figure  1 ,  where  the  arrows  show  the  displacements  of  the  Cr^"^  and  its  six 
nearest  neighbors.  In  the  aiPI  calculations,  although  the  cluster  size  is  the  same  as  in 
PAIRPOT,  the  set  of  free  parameters  does  not  yet  contain  the  x  coordinates  of  the  two 
triangles  of  oxygens,  and  that  fact  might  explain  the  slight  movement  of  the  seven  ions  in 
the  clusters  and  the  low  values  found  for  the  Cr^+-0^“  distance. 


Table  II 

Shortest  metal-oxide  distances  (dl  and  d2)  in  a-Al203  and  Cr203. 


PAIRPOT 

a-Al203 

aiPI 

Ref.8 

PAIRPOT 

Cr3+;Q:-Al203 
aiPI  Exp. 

PAIRPOT 

Cr203 

aiPI 

Ref.8 

dl(A) 

1.690 

1.842 

1.856 

1.747 

1.826 

1.80“ 

1.95'’ 

1.955 

2.034 

1.97 

d2(A) 

1.857 

1.997 

1.970 

1.965 

1.923 

2.06“ 

2.04*’ 

2.156 

2.164 

2.02 

a— Ref.  1(a),  b^Ref.  4. 
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Local  distortions  and  optical  properties  induced  by  the  substitutional  impurity  in  the  MgO  host  lattice  are 
computed  using  the  embedded  cluster  approach  implemented  in  the  ICECAP  (ionic  crystal  with  electronic  cluster, 
automatic  program)  code.  Our  calculations  predict  inward  relations  of  the  six  0^~  nearest  neighbors  surrounding 
the  Cr^"^  ion  for  both  cubic  and  noncubic  (tetragonal  and  orthorhombic)  configurations  in  MgO.  For  the  cubic 
configuration,  selected  low-lying  excited  states,  including  the  10  Dq  generator  ^T2,  are  calculated  at  several  Cr-O 
separations.  After  taking  into  account  lattice  relaxations  and  correlation  corrections,  the  computed  10  Dq  value 
lies  0.19  eV  lower  than  the  experimental  one. 

Key  words:  embedded  cluster,  optical  transitions,  local  relaxations,  Cr^’^  :MgO. 


1  INTRODUCTION 

Chromium  doped  magnesium  oxide  (MgOiCr^"^)  provides  a  prototypical  system  where 
extensive  spectroscopic  studies  have  been  performed.  These  studies  have  shown  that  the 
impurity  Cr^"^  substituting  Mg^”^  in  MgO  can  have  a  geometrical  arrangement  with  either 
cubic  or  noncubic  (due  to  a  nearby  cation  vacancy)  symmetry.  However  a  unified 
microscopic  description  of  the  lattice  involving  both  defects  (the  impurity  and  the  vacancy) 
has  not  been  reported  up  to  date.  In  this  contribution,  we  seek  to  provide  such  a  description 
using  an  embedded  quantum  cluster  method,  ICECAP.^  Specifically,  our  aim  is  to 
investigate  (i)  the  geometrical  positions  of  the  ions  surrounding  Cr^"*"  in  the  three 
arrangements  (Oh,C4v,and  C2v),  and  (ii)  the  effects  of  lattice  relaxation  and  correlation 
effects  on  d-d  transitions  associated  with  the  Cr^"^  ion. 


2  COMPUTATIONAL  MODEL 

The  methodology  we  use  here  incorporates  electronic  structure  calculations  with  classical 
shell-model  treatment  of  lattice  polarization  and  distortion.  This  embedded  cluster  model  is 
referred  to  as  ICECAP.^  The  molecular  cluster  is  formed  by  the  impurity  Cr^"^  and  the  six 
nearest-neighbor  0^~  ions,  and  is  embedded  in  a  lattice  environment  of  Mg^"^  and  0^~ 
ions  located  at  their  crystallographic  positions  of  the  rocksalt  phase  with 
R(Mg-O)  =2.106  A.  The  cluster  ions  will  be  described  within  the  framework  of  the 
unrestricted  Hartree-Fock  approximation  (UHF).^  Correlation  energy  corrections  are 
determined  using  second  order  in  the  many  body  perturbation  theory  (MBPT).^  The  rest  of 
the  MgO  lattice,  where  the  perturbation  due  to  Cr^"*"  is  assumed  to  be  weak,  will  be 
simulated  by  the  classical  shell-model. 
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FIGURE  l(a)-(c)  Qualitative  diagrams  of  the  0^~  distortions  induced  by:  (a)  a  Cr^+  impurity,  (b)  a  combined 
Cr^+-[100]Mg^+  vacancy,  and  (c)  a  combined  Cr^"^-[110]Mg^'*'  vacancy  in  the  MgO  host  lattice.  Only  the 
movement  of  the  four  0^~  ions  (01-04)  in  the  x-y  plane  is  shown.  Black  filled  and  empty  circles  represent  Mg^''^ 
and  Cr^"^  ions,  respectively,  whereas  the  empty  box  stands  for  the  vacancy. 


3  LOCAL  RELAXATIONS 

To  investigate  the  local  configuration  around  Cr^+  for  the  Oh,  C4V,  and  C2v  symmetries,  we 
investigate  clusters  of  one  (Cr^+)  and  seven  ions  ((CrOa)^”).  In  spite  of  the  limited  SCF 
active  space,  the  computed  equilibrium  configuration  shows  an  excellent  agreement  with 
the  more  expensive  calculations  involving  the  octahedral  (7-ion)  cluster.  The  effects  of  the 
impurity  and  vacancy  on  the  local  environment  are  qualitatively  illustrated  in 
Figure  l(a)-(c).  The  calculated  values  for  the  R(Cr-O)  separations  are  (in  angstroms): 
2.02  (Oh),  1.92,  2.03  and  2.04  (C4v),  and  1.99,  2.04  and  2.06  (C2v). 
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The  most  interesting  conclusions  emerging  from  the  analysis  of  our  computations  can 
be  summarized  as  follows:  (i)  Nearest-neighbor  ions  are  attracted  by  the  Cr^"^  impurity  and 
are  repelled  by  the  cation  vacancy,  being  the  repulsion  greater  than  the  attraction,  (ii)  The 
simultaneous  effect  of  the  defect  complex  (Cr^'^-vacancy)  is  lower  than  the  sum  of  their 
individual  effects,  (iii)  Our  computations  are  in  agreement  with  the  ionic  radii 
expectations'^  for  the  R(Cr-O)  value  in  the  Oh  symmetry  and  with  the  experimental  data 
reported  for  the  C4V  configuration.^  (iv)  The  calculated  distortions  for  the  three 
configurations  are  consistent  with  each  other  and  lead  to  a  satisfactory  global  picture  of 
the  local  geometry  of  Cr^*^  centers  in  MgO. 


4  OPTICAL  TRANSITIONS 

Potential  energy  surfaces  of  the  t2^-'^A2  ground  state  and  the  t2^-^E  and  t2^e^-'^T2  excites 
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states  of  doped  MgO  have  been  obtained  at  the  UHF+MBPT  level  in  the  cubic 
configuration.  The  calculated  results  allow  us  to  evaluate  the  10  Dq  parameter,  the  energy 
involved  in  the  t2^e^-^T2  absorption),  the  R-line  phosphorescence 

^  t2^-'^A2  transition),  and  the  t2^e^-'^T2  t2^-^A2  broad  fluorescence  band.  The 

computation  of  the  three  transitions  specified  above  is  carried  out  starting  with  the 
calculation  of  the  transition  energies  in  the  frozen-lattice  configuration,  where  the  Cr-0 
separation  is  taken  to  be  the  experimental  R(Mg-O)  value  in  the  host  lattice.  Here, 
absorption  and  fluorescence,  obviously,  lie  at  the  same  energy  (1.51  eV  at  the  UHF  + 
MBPT  level).  When  the  lattice  relaxation  is  taken  into  account,  absorption  and 
fluorescence  lie  0.30  eV  and  0.22  eV,  respectively,  above  the  corresponding  values  at 
the  frozen-lattice.  For  the  R-line  (phosphorescence)  transition,  the  effect  of  the  lattice 
relaxation  is,  however,  almost  negligible:  1.62  eV  and  1.63  eV  when  the  lattice  is  frozen 
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and  relaxed,  respectively. 

We  now  proceed  to  discuss  electron  correlation  effects  on  the  computation  of  electronic 
spectroscopic  frequencies.  Note  that  the  inclusion  of  the  correlation  corrections  (MBPT) 
does  not  modify  significantly  the  UHF  equilibrium  configurations.  However,  after  the 
correlation  corrections  are  taken  into  account  there  is  an  overall  better  agreement  between 
the  computed  and  observed  transition  data.  As  an  example,  the  UHF,  UHF+MBPT,  and 
experimental  values  for  the  absorption  energies  show  the  following  progression:  1.74  eV, 
1.81  eV  and  2.00  eV.  In  general,  the  discrepancies  obtained  with  respect  to  the  observed 
data  are  less  than  10%  in  the  case  of  our  more  refined  calculation  (UHF+MBPT  and  fully 
relaxed  lattice). 
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The  cooperative  effect  is  studied  in  the  kinetics  of  bimolecular  A+B^O  reactions  between  charged  particles 
(reactants).  Unlike  the  Debye-Hiickel  theory,  charge  screening  has  an  essentially  non-equilibrium  character. 
The  reaction  rate  does  not  approach  a  steady  state,  but  increases  infinitely  in  time  for  the  asymmetric  mobility 
of  reactants  (0^=0,  Db^^O). 

Key  words:  Diffusion-limited  reactions;  Coulomb  interaction;  charge  screening;  many-particle  effects; 
correlation  functions. 


As  is  well  known  [1],  irradiation  of  ionic  solids  produces  both  neutral,  F-H,  and  oppositely 
charged  a  -I  pairs  of  Frenkel  defects.  Vacancies  (a  centers)  are  immobile  up  to  the  room 
temperatures,  whereas  interstitial  halide  ions  (I  centers)  are  moble  above  20-30  K  already. 
In  the  case  of  A+B->0  reaction  for  neutral  particles  A  and  B  both  analytical  theories  and 
computer  simulation  [2-5]  have  demonstrated  a  reduction  of  the  reaction  rate  at  long  times. 
In  the  diffusion-controlled  regime  the  result  n(t)  a  t"^  generally  accepted  in  formal  chemical 
kinetics  [6]  is  changed  for  the  asymptotic  law  n(t)  a  (d  space  dimension).  Such  a  delay 
reaction  rate  arises  due  to  pattern  formation:  during  reaction  a  whole  volume  is  divided 
into  domains  with  distinctive  sizes  ^(t)  =  ^|^  (the  so-called  diffusion  length)',  each  domain 
contains  predominantly  particles  A  or  B  only;  that  is,  similar  particles  tend  to  aggregate 
and  thus  a  well-stirred  system  is  replaced  in  time  by  self-organized  aggregate  structure.  If 
one  of  partners  (reactants)  is  immobile  (say,  0^=0),  the  reduction  in  the  reaction  rate  is 
even  larger;  n(t)  a  for  d=3  [4,7].  In  this  case  the  spatial  distribution  of  particles  A  is 
singular  [7]:  unlike  particles  B  (where  local  inhomogeneities  in  their  distribution  are 
smoothed  on  the  scale  of  the  length  ^  (t),  immobile  particles  A  survive  only  in  rare  isolated 
groups,  so  we  observe  something  like  ‘raisins  (A)  in  dough  {Bf . 

This  results  are  valid  for  the  reaction  between  neutral  non-interacting  particles  (F+H^O). 
If  we  consider  the  kinetics  of  bimolecular  recombination  between  charged  particles, 
a  +I->0,  the  problem  of  interaction  potentials  arises  [8] .  It  is  known  [2]  that  in  the  equilibrium 
system  of  mobile  particles  their  Coulomb  interactions  are  screened,  so  that  the  force  is 
F(r)=-e^S(r)/r^  where  S(r)  is  the  screening  factor  such  that  S(«))=0  (the  so-called  normal 
screening).  Diffusion-controlled  reaction,  a  +1— >0,  allows  us  to  study  effect  of  non¬ 
equilibrium  charge  screening  (since  particles  disappear  in  pairs  due  to  the  recombination 
and  move  too  slowly  to  be  stirred)  stenghtened  by  asymmetric  mobilities;  Di»D^«0.  In 
such  a  case  the  screening  factor  becomes  time-dependent  [8],  S=S(r,t),  with  S(oo^i)=S^(i)^0 
{abnormal  screening).  We  will  demonstrate  below  that  this  degenerate  situation  has  unique 
decay  asymptotics,  n(t)  a  corresponding  to  the  accelerated  reaction  (in  contrast  to 
the  above-discussed  reaction  rate  observed  for  neutral  particles). 

We  start  from  the  equation  for  the  reaction  rate  Ko=47rDReff  where  D  is  the  coefficient 
of  the  relative  diffusion  (D=Da+Db),  and  the  effective  reaction  radius  is  described  by  the 
Debye  equation  [6],  which  reads  for  the  black  sphere  model  (AB  pairs  disappear  when 
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particles  approach  each  other  to  within  a  critical  distance  r^)  Reff=roL/[l-exp(-L)],  where 
the  dimensionless  parameter  L-R/r^  contains  the  so-called  Onsager  radius,  which  is  defined 
as  R=eVe  The  value  of  the  parameter  R  is  defined  by  a  product  of  particle  charges; 
the  electroneutrality  of  a  whole  system  is  secured  by  the  conditions,  n=nA=nB,  e=eA=-eB. 
Note  that  for  L»l,  a  R^ff «  R  and  a  IcaCbL 

.  Let  us  estimate  analytically  the  effect  of  the  non-uniform  distribution  of  immobile 
particles  A  which,  as  is  shown  below,  form  in  time  compact  aggregates  (‘raisins’)  existing 
on  the  uniform  background  of  B  particles  (‘dough’).  Such  A-rich  aggregates  resembles 
super-particles  with  the  effective  charges  where  (N^^l)  is  the  number  of  A 

particles  within  an  aggregate.  Therefore,  the  effective  recombination  radius  is  roughly 
Reff^N^R.  Making  the  qualitative  estimate,  we  take  into  account  that  diffusive  motion  of 
B  particles  destroys  small  A-aggregates,  so  that  at  long  time  t  we  have  the  number  of 
aggregates  occupying  the  distinctive  volumes  V«6  (t)‘\  The  upper-limit  estimate  of  is 
a  mean  number  of  particles  A  in  volume  V,  i.  e.  NA=n(t)^(t)^  Substitution  of  the  reaction 
rate  K(t)«47TDReff,  (with  RefpN^R)  into  the  equation 

^  =  -K(t)n(t)'  (1) 

dt 

leads  to  the  asymptotic  law  sought  for:  n(t)  a  indicating  that  the  reaction  is  accelerated 

as  compared  to  the  standard  result  of  the  chemical  kinetic,  n  a  f'.  It  is  easy  to  see  that  both 
K(t)  and  R^ff  increase  as  K(t)  a  i.  e.  as  — >«>,  there  is  no  limiting  magnitude!  It  results 
in  the  unusual  screening  factor  Sq-N^  a  t*^"^  (concentration  decays  but  a  mean  number  of 
A  particles  in  a  cluster  increases  in  time),  which  is  very  unusual  for  the  standard  chemical 
kinetics  [6]  and  the  symmetric  case  (D^-Db)  where  n  a  and  So(t)->0  [8]. 

The  quantitative  analysis  of  the  problem  is  based  on  a  set  of  the  integrodifferential  kinetic 
equations  presented  in  [8] .  We  will  stress  here  only  some  general  ideas.  A  fundamental  solution 
of  the  Markov  process  for  the  A+B^O  reaction  under  study  could  be  presented  in  a  form  of 
the  infinite  set  of  coupled  equations  for  the  so-called  many-point  particle  densities  [4,  5]. 
Single-point  densities  are  nothing  but  macroscopic  concentrations  whereas  the  higher-order 
densities  after  extracting  the  concentration  co-factors  define  a  complete  set  of  the  correlation 
functions.  They  give  us  the  statistical  information  on  the  relative  spatial  distribution  of  reacting 
particles  of  both  kinds  thus  defining  iht  fluctuation  spectrum  of  the  kinetics  under  study. 
Mathematical  difficulties  of  the  description  of  the  fluctuation  spectrum  restrict  the  shortened 
hierarchy  of  equations  at  the  level  of  the  joint  correlation  functions  for  similar  and  dissimilar 
particles  describing  correlations  within  pairs  A-A,  B-B  and  A-B  respectively.  The 
approximate  treatment  of  the  A+B^O  reaction  for  charged  particles  inavoidably  requires  a 
combination  of  several  approximations:  the  Kirkwood  superposition  one  for  the  reaction  terms 
and  Debye-Hiickel  for  modification  of  the  drift  terms  with  self-consistent  potentials  [8]. 

The  screening  parameter  S(r,t)  is  shown  in  [8].  It  demonstrates  the  formation  of  a  quasi¬ 
equilibrium  charge  screening  (Da=Db);  at  any  time  S(r,t)<0  and  its  asymptotic  value  So(t) 
decays  monotonically  in  time.  For  0^=0  the  screening  factor  shown  here  is  obviously 
nonequilibrium;  its  asymptotic  value  8^(0  a  \}'^  increases  in  time.  At  low  concentrations 
the  values  of  8^(0  corresponds  to  the  mean  number  of  particles  A  in  their  aggregates. 

This  research  has  been  supported  by  a  grant  N  LB2000  from  the  International  8cience 
Foundation. 
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We  introduce  a  stochastic  model  for  the  A  +  B  — >  O  reaction  on  a  discrete  lattice.  The  system  may  include 
mono-  and  bimolecular  steps  (i.  e.  reaction  and  diffusion  steps).  The  resulting  infinite  chain  of  equations  is 
truncated  at  a  certain  level  via  a  modified  Kirkwood  approximation. 

Key  words:  Master  equations;  many-point  probabilities;  correlation  functions;  Kirkwood  superposition 
approximation. 


The  kinetics  of  radiation-induced  defect  aggregation  and,  in  particular,  colloid  formation, 
depends  critically  on  the  interaction  between  defects  described  potentials  U^^fr)  where  A  is 
the  defect  type  (interstitial  atom  or  vacancy)  [1-5].  Unlike  the  case  of  repulsive  potential 
for  similar  particles  (defects),  e.g.  Coulomb  forces,  U;^;^(r)  =  eV^r  [1,2]  which  puts  no  definite 
restrictions  on  the  use  of  continuum  approximation,  such  problems  arise  in  the  aggregate 
(colloid)  formation  kinetics  [5]  induced  by  the  elastic  defect  attraction,  U;^a(^)  =  -otir^^  In 
[3-5]  this  singular  potential  was  cut-off  at  the  interatomic  distance,  the  decay  kinetics  under 
study  depends  also  on  the  particular  manner  how  this  cut-off  is  done. 

In  this  paper,  the  alternative  formalism  for  the  aggregation  kinetics  is  presented  which 
is  based  on  the  discrete  lattice  approach  and  assumes  that:  (a)  all  bimolecular  processes 
(diffusion  and  recombination)  are  short-range  and  affect  nearest  cells  only;  (b)  elastic 
interaction  is  treated  in  a  clear-cut  approximation  (nearest-neighbour  interaction  only). 
The  aggregation  kinetics  is  then  considered  in  terms  of  simple  particle  densities 
(concentrations),  CA(t),  and  the  joint  (pair)  correlation  functions  FA^(r,  t). 

The  reaction  takes  place  on  a  lattice  with  coordination  number  z.  Each  lattice  site  is 
given  a  lattice  vector  1.  The  state  of  the  site  1  is  represented  by  the  lattice  variable  cr,,  which 
may  depend  on  the  occupancy  number  by  a  particle  (defect).  Therefore  o',  =  {0,A,B,...} 
where  O  represents  a  vacant  site,  A  a  site  which  is  occupied  by  an  A  particle  and  so  on. 

Monomolecular  steps  are  processes  which  depend  only  on  a  single  lattice  site.  Examples 
for  such  steps  are  the  creation  of  a  particle  (O  A),  its  annihilation  (A  ^  O)  or  the  particle 
transformation  (A  — >  B).  The  prominent  feature  of  these  steps  is  the  fact  that  the 
neighbourhood  of  the  actual  site  plays  no  role  here.  Therefore,  these  steps  can  be  described 
by  the  following  equation: 


O',  :4o-,',  p  =  P(o-,  ^o-jO  (1) 

where  p  is  the  transition  probability  from  cr,  to  o-/. 

A  more  complicated  situation  of  bimolecular  steps  arises  if  the  step  depends  on  two 
lattice  sites,  1  and  n.  Examples  are  reaction  process  (AB  — >  OO)  and  diffusion  (AO  OA). 
All  these  processes  can  be  formulated  in  terms: 

k 

,  ksK(o-,o-„ ->o-,'(T„')/z.  (2) 
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Here  we  have  introduced  a  factor  1/z  in  order  to  simplify  the  equations. 

We  introduced  a  probabilities  which  depend  on  i  lattice  sites.  For  i  =  1  we  obtain  the 
simple  density  of  particles  on  the  lattice,  C;^  =  p^‘^(crj),  A  =  o-j.  For  these  density  the  condition 


=  1  holds.  The  two-point  probabilities,  p^^\(Tya^)  =  C;^C^F;^^(r),  depend  on  the  two 

A 

states  (A  =  cTj,  and  /i  =  o-n^)  respectively  and  on  the  coordinate  difference  r  =  1  -  m  of  the 
lattice  sites  (here  F^^(r)  is  the  correlation  functions).  As  Irl  oo,  the  correlations  between 
the  particles  vanish:  F;y^(oo)  =  1 .  A  product  c^  =  C^F^;^(r)  represents  the  mean  density  of 
p,-particles,  if  the  central  site  is  in  the  state  A.  We  will  use  this  product  later  to  characterize 
the  different  particle  phases  which  appear  in  this  model. 

We  write  down  the  master  equations  in  the  form  of  infinite  set  of  equations  for  the  many- 
point  probabilities  [6,  7]. 


i)  The  equation  of  motion  for  the  one-point  probabilities: 


dt  dt  dt 


A,[C,F]-B,[C,F]C, 


(3) 


where  A;^[C,F]  and  B;^[C,F]  are  simple  positive  functions  (polynomials)  of  the  densities  C 
and  of  the  correlation  functions  F,  e.g. 


A,[C,F] 


^P(A'  ^  A)C,,  +  ^K(AV'  ^  AI.)C,.C,.F,.„,(1)  . 

A  '  i  'i,  '7, 


(4) 


All  the  correlation  functions  are  taken  for  Irl  =  1  (nearest  neighbours), 
ii)  The  equation  of  motion  for  the  two-point  probabilities. 

Among  the  processes  which  take  place  on  two  different  lattice  sites,  1  and  m,  the  following 
ones  are  possible: 

(1)  1  and  m  are  not  nearest  neighbours  on  the  lattice,  {a)  The  state  cr,  can  be  created  or 
annihilated  independently  of  cr^.  Only  the  neighbourhood  of  1  is  important,  {b)  The 
state  cr^  can  be  created  or  annihilated  independently  of  1.  Only  the  neighbourhood  of 
m  is  important. 

(2)  If  1  and  m  are  nearest  neighbours  on  the  lattice,  additional  terms  must  be  taken  into 
account  which  represent  the  bimolecular  steps.  A  diagrammatic  description  for  these 
processes  could  be  introduced: 


dt 


ml  m 


(5) 


The  symbol  (□)  denotes  here  the  site  which  plays  no  role  for  the  determination  of  the  state 
of  the  other  site.  On  the  site  (■)  a  process  takes  place.  Therefore,  the  first  two  terms  correspond 
to  the  cases  {la)  and  {lb)  whereas  the  third  term  represents  the  bimolecular  step.  We  must 
truncate  the  infinite  set  of  master  equations  in  order  to  obtain  a  finite  system  of  non-linear 
equations.  To  this  end,  we  use  the  superposition  approximation  introduced  by  Kirkwood 
[8]  (see  also  [6, 7]).  In  this  approximation  the  three-point  probability  is  expressed  via  one- 
and  two-point  probabilities. 

The  equations  are  solved  exactly  in  a  small  lattice  region,  r  =  Irl  <  rQ  and  their  solution 
is  used  in  calculating  the  continuous  functions  which  represent  the  behavior  of  the  system 
for  large  distances,  r  >  Tq.  This  formalism  has  been  first  tested  for  a  similar  problem  of  the 
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catalytic  surface  reaction  between  adsorbed  non-interacting  particles  (E;^^ = 0)  [6, 7],  whereas 
the  general  philosophy  of  lattice  models,  including  particle  interactions,  0,  is  discussed 
in  [9] .  It  is  demonstrated  how  the  mutual  attraction  of  similar  particles  results  in  the  formation 
of  pairs  of  bound  interstitial  atoms  and  their  larger  aggregates.  Since  even  such  small 
aggregates  have  mobilities  much  less  than  single  particles,  the  effective  diffusion  coefficient 
is  reduced  by  several  orders  of  magnitude,  which  stimulates  the  aggregation  process. 

This  research  has  been  supported  by  a  grant  N  LB2000  from  the  International  Science 
Foundation. 
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ELECTRIC  FIELD  INDUCED  ENERGY  SHIFT  IN 
F-CENTRE  EMISSION 
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For  the  Relaxed  Excited  States  of  the  F-centre,  the  simplest  vibronic  model  involves  only  the  mode  in  the 
electron-lattice  interaction  In  analyzing  the  perturbation  correction  due  to  Het,  Ham  and  Grevsmuhl  kept 
only  the  linear  terms  in  the  coupling  constant  G  and  ended  up  with  a  positive  value  for  the  field-induced  shift  in 
the  energy  of  the  parallel  component  in  emission  AE,, — in  disagreement  with  the  experiments.  In  this  paper,  it  is 
shown  that  when  the  perturbation  correction  terms  are  kept  up  to  G^,  AE,,  is  negative. 

Key  words’.  Stark  effect  in  F-centre  emission. 


1  INTRODUCTION 

The  Stark  effect  in  F-centre  emission  has  been  investigated  experimentally  by  Bogan  and 
Fitchen^  and  Ohkura  et  al}  On  the  theoretical  side,  for  the  excited  states  after  absorption 
and  relaxation — called  the  Relaxed  Excited  States  (RES) — static  theories  were  provided 
at  first.^  Later,  several  vibronic  models  were  given."^’^  The  simplest  one  is  that  of  Ham  and 
Grevsmiihl^  (HG)  who  take  into  account  only  the  phonon  mode  in  the  electron-lattice 
interaction.  This  model  has  been  investigated  with  a  new  approach  based  on  the  recursion 
method  by  Martinelli  et  aV  Recently,  Ewig  et  al}  have  studied  the  detailed  electronic 
distributions  of  the  F-centre  in  LiF,  using  a  cluster  model. 

The  major  drawback  of  HG’s  work  is  that  they  obtained  a  positive  value  for  the  field- 
induced  shift  in  the  energy  of  the  parallel  component  (AE,,)  of  the  emitted  light,  in  clear 
disagreement  with  the  experiments.  This  paper  presents  a  more  detailed  calculation — on 
the  same  basic  model  of  HG — leading  to  a  negative  AE,,. 


2.  THEORY 

— ^ 

In  the  presence  of  an  external  electric  field  F,  the  F-centre  Hamiltonian  may  be  written  as 

H  =  H,  +  Hl  +  H,,  +  Hp,  (1) 

where  the  subscripts  e,  L,  eL  and  F  stand  for  the  electron,  lattice,  electron-lattice  and  the 
electric  field  respectively.  In  analyzing  H^l,  Ham"^  included  only  the  F^  phonon  mode  and 
(comparing  the  theoretical  results  with  the  experiment)  showed  that  the  electron-lattice 
coupling  cannot  be  strong.  Accordingly,  this  paper  treats  H^^  Hp  as  perturbations. 

In  solving  the  unperturbed  Hamiltonian  H^  =  H^  +  H^,  the  zero  of  the  energy  is  taken  to 
coincide  with  the  2s  electronic  state  which  is  taken  to  lie  at  an  energy  E^p  below  the  2p 
electronic  state.  Thus,  the  eigenstates  of  H^  (of  interest)  are  given  by  the  simple  product 
functions  2s  with  energies  (^  +  m  +  n  -i-  3/2)  h(x)  and  P/0^ntn  y>  z)  with  energies 
Esp  +  +  HI  -I-  n  +  3/2)  Here,  is  the  3D  harmonic  oscillator  wavefunction. 

When  HeL  is  limited  to  the  mode  with  frequency  o),  distortions  Q  and  the  effective 
mass  /X, 
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HeL  =  G(Q,p,  +  QyPy  +  Q,p,),  (2) 

where,  G  is  the  coupling  constant  and  <2slpilpj>  =  8  -^^.  Following  HG^,  we  assume  G  to  be 
small  enough  so  that 


E^  =  G'/2fi(J^EJ4  (3) 

In  the  absence  of  Hp,  the  lowest  RES  (Relaxed  Excited  State)  is  2s  In  the 

presence  of  Hp  =  eFz  (due  to  an  electric  field  F  along  the  Z  direction),  the  first  order 

perturbation  correction  to  this  wavefunction  is  given  by 


^1  “  t)i[px  C^ioo  +  Py  ^010  Pz  ^001  ]  +  ^2  Pz  <Pooo-)  (4) 

where  b,  =  -G  ^ —  &  b2  =  -  <  2s  I  eFz  1  p^  > .  (5) 

The  second  order  correction  1/^2  involves  only  the  2s  electronic  state — and  hence  is  not  of 
much  interest  in  Stark  effect.  The  third  order  correction  involves  only  the  Pi  (i  =  x,  y,  z) 
electronic  states  which  are  important  in  the  Stark  effect.  For  simplicity  and  due  to  space 
limitations,  only  a  part  of  is  given  below: 


^3  = 


^2Esp(Esp  +  ) 


^Jlho)  (E  +  2ha)  ) 


Pz^  200  Pz^O 


1^  _  2(2E,p+^a))  ^ 

1  + - ;; - (Pz^  c 


(6) 


3  RESULTS  AND  SUMMARY 

When  quadratic  terms  in  the  coupling  constant  G  are  incorporated,  the  lowest  RES  is  2s 
0000  +01  +  02+03-  From  this  state,  let  us  consider  the  field-induced  shift  in  energy  AE„  of 
the  parallel  component  of  emission.  When  F  =  0,  there  is  only  one  contribution  with  energy 
E(0)  due  to  the  transition  from  Pz0ooi  1^  Is  (^001  •  When  F  0,  the  same  transition  would  have 
an  energy  E(F)  which  is  slightly  less  than  E(0)  due  to  the  field-induced  downward  shift  of 
the  lowest  RES.  This  would  lead  to  a  negative  AE,,.  However,  there  is  a  second  transition 
from  Pz0ooo  Is  0ooo  with  the  energy  E(F)  +  /i(o,  since  Is  0ooois  below  Is  0ooi  t>y  ^co.  These 
are  the  only  two  contributions  when  non-linear  terms  in  G  are  neglected — as  done  by  HG  . 
In  this  case,  combining  the  above  two  transition  energies  with  their  weighting  factors,  one 
finds  that  AEn  is  positive — in  disagreement  with  the  experiments. 

When  quadratic  terms  in  G  are  taken  into  account  in  the  lowest  RES,  Eq  (6)  shows  that 
there  are  more  contributions  to  the  parallel  component  of  emission — for  e.g.  from  p^  </)oo2 
to  Is  0002  with  the  energy  E(F) — ^(o,  since  Is  0oo2  is  above  Is  0ooi  by  ^(o.  Further,  using  Eq. 
(3),  if  we  put  G^  ~  E^pjjLC(//2  and  E^p »  ^(o  in  Eq.  (6),  it  is  seen  that  the  coefficient  of  pz0oo2 
in  03  is  as  much  as  0.9  b2.  This  is  almost  the  same  as  the  amount  of  Pz0ooo  Eq.  (4)  and 
hence  can  compensate  for  the  pull  of  Pz0ooo  thus  leave  AE,,  negative  in  agreement  with 
the  experiments. 
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In  this  communication  we  present  a  simple,  semi-empirical  model  of  the  three  center  Auger  effect  (TCAR).  It  is 
based  on  the  dipole  approximation  of  the  interaction  Hamiltonian.  Application  of  this  model  to  the  case  of 
TCAR  in  ZnS:Fe  yields  the  value  of  critical  distance  for  the  energy  transfer  about  10  A. 

Key  words:  nonradiative  transitions,  deep  impurities. 


1  INTRODUCTION 

One  of  the  important  mechanisms  of  the  deactivation  of  the  donor-acceptor  pair  (DAP) 
luminescence  by  deep  impurities  (such  as  transition  metal  centers  (TM))  turns  out  to  be  the 
TCAR.'’^  In  this  process  energy  of  the  recombining  DAP  is  nonradiatively  transferred  to  a 
nearby  TM-related  center  which  is  subsequently  ionized.  Based  on  the  photo-ESR  excitation 
spectra  of  the  isolated  iron  Ee^^  in  ZnS:Cu,Fe  crystals  it  was  proved,  that  this  mechanisms 
is  an  important  recombination  channel.  *  In  this  communication  we  present  the  semi-empirical 
model  of  the  TCAR  process,  which  can  be  used  to  a  simple  estimation  of  its  efficiency. 
Because  of  large  lattice  relaxation  concomitant  with  the  changes  of  the  charge  state  of  deep 
center  (DC),  it  was  necessary  to  include  in  theoretical  description  of  TCAR  an  electron- 
phonon  interaction.  In  the  following  we  utilize  semiclassical  approach  developed  by  Danger^’ 
’’  in  his  studies  on  photo-ionization  transitions  involving  deep  centers  in  semiconductors. 


1  TCAR  IN  THE  DIPOLE  APPROXIMATION 

A  probability  (W)  of  the  energy  transfer  from  DAP  to  DC  is  described  by  the  Fermi  ‘Golden 
Rule’ : 


W  =  27r/ft<flHli>V(E)  (1) 

where  lf>  and  li>  denote  the  wavefunctions  of  final  and  initial  state,  respectively,  p(E)  is  a 
density  of  final  states,  and  H  is  the  interaction  Hamiltonian  taken  in  the  form  of  the  screened 
Coulomb  potential  with  an  appropriate  value  of  the  dielectric  constant  e.  It  is  well  known,  that 
matrix  element  of  H  is  a  difference  of  direct  and  exchange  term.  According  to  the  conventional 
approach,  the  exchange  term  is  usually  neglected.  Subsequently,  following  the  method  of 
Dexter^  and  Schaffer  and  Williams,^  we  expand  direct  electrostatic  interaction  term  into  power 
series  of  R  (i.  e.  donor-DC  distance),  with  a  first  term  due  to  dipole-dipole  interaction  being 
a  dominant  term.  Thus,  interaction  Hamiltonian  H  in  the  dipole  approximation  equals  to: 

H  =  e^{r*r'-3(r*R)(r'*R)/R'}/e  R^  +  ...  (2) 

*This  work  was  supported  by  research  grant  of  KBN  No.  2  0476  91  01. 
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where  r,  r'  denote  the  coordinate  of  the  elctron  bound  to  DC  and  donor,  respectively. 
Averaging  over  all  angular  orientations  of  R,  one  can  obtain  the  following  expression  for 
the  matrix  element  for  the  energy  transfer  from  DAP  to  DC: 

<f1H!i>  =  (2/3)"'MdaMdc/6  R'  (3) 

where  M^a  denotes  the  dipole  matrix  element  for  radiative  de-excitation  of  the  DAP,  and 
Mpc  is  the  matrix  element  for  ionization  of  DC. 

Slightly  modifying  Danger  approach  which  describes  the  photo-ionization  cross  sections 
of  the  deep  centers  in  semiconductors,  we  were  able  to  account  for  the  lattice  relaxation 
phenomena  accompanying  deep  center  ionization  during  TCAR  transition.  Finally,  we 
obtain: 

W  =  const  *  J  dz  exp(-z^)  *(Eca  +Tz-  +  Tz)-^  (4) 

where  E^pt  is  the  deep  center  optical  ionization  energy,  E^a  is  the  energy  of  the  recombining 
DAP,  r  is  the  broadening  parameter  defined  in^  and  P  is  defined  as:  /3  =(EDA-Eopt)/r. 


2  ESTIMATION  OF  THE  TCAR  EFFICIENCY  IN  ZnS:Fe  CRYSTALS 

The  formula  (4)  derived  above  can  be  used  for  calculating  (in  the  dipole  approximation) 
the  critical  transfer  distance  (R,,)  in  the  case  of  Auger-type  energy  transfer  from  DAP 
to  iron  center  in  ZnS.  Here,  R^,  is  a  such  distance  R  between  donor  and  iron,  for 
which  probability  of  the  radiative  DAP  recombination  is  equal  to  the  probability  of  the 
TCAR  recombination.  Experimentally  determined  values  of  E^p^  and  F  were  taken  from 
the  absorption  studies  of  Skowronski  and  Godlewski.^  The  numerical  analysis 
leads  to  the  critical  transfer  distance  of  about  12  ±  1  A  for  blue  luminescence,  and 
about  8.5  ±  1  A  for  green  DAP  lunimescence.  These  distances  were  previously 
estimated  from  the  analysis  of  the  spectral  overlap  between  photo-luminescence 
and  photo-ionization  absorption  bands,  and  were  calculated  to  be  12  A  and 
6.3  A,  respectively  Bearing  in  mind  the  simplicity  of  our  model  there  is  a  satisfying 
agreement  between  these  two  sets  of  R,,  values.  On  the  other  hand  these  values  are  too 
small  to  explain  high  efficiency  of  energy  transfer  from  DAP  to  iron  as  observed  recently 
in  ESR  experiments.^  It  means,  that  in  this  case  dipole  approximation  is  not  sufficient. 
Because  contribution  of  higher  terms  in  the  power  expansion  (2)  i.e.  dipole-quadrupole, 
quadrupole-quadrupole  terms  etc.  turns  out  to  be  relatively  small,  in  the  further  analysis 
exchange  interaction  has  to  be  included. 
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ON  THE  ERROR  IN  THE  ACTIVATION  ENERGY 
OBTAINED  BY  THE  INITIAL  RISE  METHOD  FOR 
THERMALLY  STIMULATED  PROCESSES  IN 
DIELECTRICS 
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TL  glow  curves  were  computer  simulated  for  Randall-Wilkins,  Garlick-Gibson,  May-Patridge  and  Adirovitch 
models  in  a  range  of  activation  energies  (0.1  to  2.0  eV)  which  were  afterwards  recovered  by  the  initial  rise 
method.  The  systematic  error  of  the  recovered  energies  is  always  the  same  independent  of  the  energy  used  in  the 
simulated  curves.  It  was  found  that  there  is  no  dependence  of  the  error  onto  the  heating  rate  and  there  is  a 
dependence  of  error  curves  on  the  models  used  in  computer  simulated  TL  emission.  A  correction  factor  can  be 
plotted  against  the  percentage  of  the  peak  maxima  used  in  the  initial  rise  for  each  model  and  we  could  apply  it 
even  if  more  than  50%  of  the  ascending  part  of  the  glow  peak  has  to  be  considered. 

Key  words:  Thermoluminescence,  simulated  glow  curves,  initial  rise  method,  activation  energy,  correction  factor. 


1  INTRODUCTION 

Almost  all  the  thermally  activated  processes  that  may  happen  in  the  dielectrics  are 
described  by  the  same  hinctions.  The  final  expressions  are  tentatively  associated  with 
microscopic  phenomena  that  take  place  during  the  process.  In  the  case  of  Thermo¬ 
luminescence  many  different  phenomenological  models  have  been  used  to  describe  the 
intensity  of  light  emitted  by  previously  irradiated  samples  during  heating.  The  basic 
assumption  for  all  these  models  is  that  charge  carriers  can  be  trapped  in  metastable  levels 
and,  upon  raising  the  temperature,  the  recombination  process  occurs  causing  the  emission 
of  light.  The  general  appearance  of  the  curve  of  emitted  light  vs.  temperature  is  a  peak 
whose  intensity,  shape,  and  position  depend  on  some  parameters  describing  the  process. 
The  most  important  parameters  to  be  determined  are  the  trap  depth  (E),  which  is  the 
activation  energy  required  to  liberate  the  trapped  electrons  or  holes,  and  the  frequency 
factor  (s).  One  of  the  main  features  of  the  simplest  models  is  that  when  the  temperature  is 
much  lower  than  that  of  the  maximum  intensities,  the  activation  energy  can  be  obtained  by 
a  plot  of  In  I  vs.  1/T.  This  is  known  as  the  initial  rise  method.  This  method,  that  was 
originally  suggested  by  Garlick-Gibson,^  assumes  that  for  temperatures  much  lower  than 
the  temperature  of  the  peak  (Tm)  the  TL  intensity  can  be  approximated  by: 

I(T)  (1) 

It  is  easy  to  see  that  equation  1  is  valid  for  the  first  order  Randall-Wilkins,^  second 
order  Garlik-Gibson^  and  arbitrary  order  May-Patridge^  models  but,  for  the  more  general 
Adirovitch"^’^  theory,  it  is  not  clear.  In  this  work,  the  TL  glow  curves  were  computer 
simulated  for  all  these  models  in  a  range  of  activation  energies  which  were  then  recovered 
by  the  initial  rise  method.  The  aim  of  the  work  is  to  obtain  the  error  involved  in  the 
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FIGURE  1  Initial  rise  plot  for  the  computed  TL  glow  curves  with  the  Randall-Wilkins  (R-W),  Garlick-Gibson 
(G-G),  May-Patridge  (M-P)  and  Adirovitch  models.  For  the  Adirovitch  model  the  retrapping  parameter 
An  =  10"^  cm^/s  is  fixed  and  the  recombination  constant  Am  assumes  the  values  10~®  (Adi99),  (Adi89), 

10"^(Adi79)  and  10"®  cm^/s  (Adi69). 

determination  of  the  activation  energies  using  the  initial  rise  method  and  to  establish  a 
procedure  to  correct  the  values  found. 


2  METHODOLOGY 

The  mathematical  treatments  were  based  on  the  final  expressions  that  describe  the  TL 
intensity  vs.  temperature.  The  first  order  kinetic  glow  curves  were  simulated  from  the 
equation: 

I(T)  =  noS.  exp(-E/kT). exp (- ^  f  exp(-E/kT')dT' 

\  P  Jto 

which  was  originally  proposed  by  Randall-Wilkins'.  The  general  order  kinetic  expression 
is: 


I(T)  =  noS.  exp(-E/kT). 


(b-  l)s 


JTo 


exp(-E/kT')dT'-hl 


(3) 


which  reduces  to  the  Garlick-Gibson  model  when  b  =  2  and  to  the  May-Patridge  when 
b=1.5.  To  solve  the  integration  that  appears  in  these  expressions  we  used  the 
approximation  suggested  by  Jenkins.^ 

We  used  a  fourth-order  Runge-Kutta  routine  with  adaptive  step  size  control  to  simulate 
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FIGURE  2  Recovered  Energies  (Er),  obtained  from  least  square  fittings  to  the  initial  rises  of  the  simulated 
curves  for  the  Adirovitch  model  with  Am  =10“^  cm^/s,  as  a  function  of  the  percentage  of  the  peak  maxima 
(TL%)  for  different  values  of  E. 


the  TL  glow  curves  of  the  Adirovitch  model  which  is  represented  by  the  following 
equations: 

^  =  n.p  -  nc(N  -  n)A„  -  iic.m.Am 
dt 

<  ^  =  ne.(N-n)An-n.p  (4) 

dm 

—  =  -nc.m.An, 
dt 

where  nc  is  the  concentration  of  electrons  in  the  conduction  band,  n  is  the  concentration  of 
electrons  in  the  traps,  N  is  the  total  concentration  of  traps  with  depth  E  below  the 
conduction  band,  m  is  the  concentration  of  holes  in  the  recombination  centers,  p  is  the 
probability  of  thermal  release  of  the  electrons  from  the  traps.  Am  is  the  probability  of  the 
recombination  of  the  electrons  with  the  holes  and  An  is  ^e  probability  of  the  electrons 
being  retrapped. 

The  activation  energies  E  of  the  simulated  curves  were  within  the  range  0.1  to  2.0  eV, 
the  pre-exponential  factor  s  was  set  as  10^^s“^for  all  the  curves  and  the  heating  rates  j3 
were  varied  from  0.5  to  5  K/s.  For  the  Adirovitch  model,  the  retrapping  parameter  An  was 
10“^  cm^/s  while  the  recombination  factor  Am  was  in  the  range  10~^  to  10“^  cm^/s,  the 
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FIGURE  3  Correction  factor  F  as  a  function  of  the  percentage  of  the  peak  maxima  (TL%),  for  the  Adirovitch 
model  with  Am  =  10“^  cm^/s,  with  different  energies  E  from  0.1  to  2.0  eV. 


initial  concentration  of  electrons  and  holes  in  traps  were  both  10^  cm“^,  the  initial 
concentration  of  electrons  in  the  conduction  band  was  zero,  and  the  total  concentration  of 
electron  traps  N  was  10^^  cm“^. 


3  RESULTS  AND  DISCUSSION 

Figure  1  shows  the  plot  of  In  I  vs.  1/T  for  the  TL  glow  curves  simulated  from  the  Randall- 
Wilkins,  Garlick-Gibson  (b  =  2),  May-Patridge  (b  =  1.5)  and  Adirovitch  models  with  the 
same  value  of  activation  energy  (E  =  1  eV).  For  each  energy  in  the  range  from  0.1  to 
2.0  eV  we  plotted  curves  similar  to  figure  1.  Using  a  least  square  fit  we  recovered  the 
energy  (Er)  of  each  curve  in  each  model  as  a  function  of  the  percentage  of  the  maximum 
intensity  of  the  peak  (TL%)  varying  from  1%  to  100%  of  the  respective  maxima,  A  typical 
result  of  this  procedure  is  shown  in  Figure  2  for  the  Adirovitch  model. 

We  observed  that  the  recovered  energies  (E^)  are  always  smaller  than  the  actual  energy 
(E)  and  that  this  difference  increases  with  the  percentage  of  the  peak  maxima. 

The  Er  versus  TL%  curves  are  independent  of  E  for  Randall-Wilkins,  Garlick-Gibson 
and  May-Patridge  models  and  they  are  almost  independent  of  E  for  all  the  Adirovitch 
models.  This  result  suggests  that  we  can  define  a  factor  F  =  E/Er  to  correct  experimental 
values  of  activation  energies  that  is  obtained  by  the  initial  rise  method. 

With  the  values  of  the  recovered  energies  (Er)  for  all  above  given  models  and  values  of 
E,  we  plot  F  against  the  percentage  of  the  peak  maxima  and  study  the  effect  of  varying 
both,  the  considered  model  and  the  initial  energy  E,  on  this  correction  factor  F. 
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FIGURE  4  Correction  factor  F  as  a  function  of  the  percentage  of  the  peak  maxima  (TL%)  for  the  Randall- 
Wilkins  (R-W),  Garlick-Gibson  (G-G),  May-Patridge  (M-P)  models,  and  Adirovitch  model  with 
Am  =  10"^(Adi99),  10“®  (Adi89),  10“”^(Adi79)  and  10"^  cm^/s  (Adi69).  Only  the  curves  with  E  =  1.0  eV  are 
shown  for  reasons  of  clarity. 


Figure  3  shows  F  plotted  against  TL%  for  the  Adirovitch  model  (Am  =  10“^  cm^/s  and 
An  =  10“^  cm^/s)  with  different  energies  E  in  the  range  0.1  to  2.0  eV.  As  it  can  be  seen, 
the  values  of  E  in  this  range  caused  only  slight  modifications  in  the  F  curves. 

Fixing  now  the  initial  energy  E  and  varying  the  model  used  to  compute  the  F  factor  as  a 
function  of  the  peak  maxima  (Figure  4),  we  find  that  the  difference  in  the  factor  F  from  one 
model  to  the  others  is  about  only  2%  when  we  used  50%  of  the  peak  maxima. 

We  also  investigated  the  influence  of  different  heating  rates  P  in  the  F  x  TL%  curves 
for  all  models  and  we  found  that  (3  does  not  modify  the  shape  of  these  curves. 


4  CONCLUSIONS 

Studying  the  recovered  energies  obtained  by  the  initial  rise  method  from  computer 
simulated  XL  glow  curves  with  RandalLWilkins,  Garlick-Gibson,  May-Patridge  and 
Adirovitch  models,  it  was  possible  to  define  an  F-factor  that  can  be  used  to  correct  the 
recovered  energy  (Er)  when  different  percentages  of  the  XL  peak  maxima  are  considered. 
One  of  the  main  features  of  this  correction  F-factor  is  that  it  is  independent  of  both  the 
initial  energy  (E)  employed  to  simulate  the  glow  curves  and  the  heating  rate  (/3).  Xhe 
dependence  of  F-factor  on  the  model  is  found,  to  be  veiy  weak.  As  an  example  if  we 
consider  the  initial  rise  until  50%  of  the  peak  maxima,  the  F-factor  varies  from  1.04  to 
1.06,  a  difference  of  only  2%. 
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From  all  these  results  we  can  conclude  that  for  practical  use  it  is  possible  to  correct  the 
experimental  values  of  activation  energies  obtained  by  the  initial  rise  method  even  if  more 
than  50%  of  XL  peak  has  to  be  considered  by  use  of  a  standard  F  factor. 
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An  excess-electron  point  defect  associated  with  an  oxygen  vacancy  as  observed  in  paratellurite  has  been  modeled 
and  studied  using  the  ab  initio  RHF-SCF  molecular  orbital  method  of  the  Many  ELectron  Description  (MELD) 
program  package.  Open-shell  electronic  structure  calculations  for  obtaining  spin  densities  were  performed  on 
molecular  clusters  Te206H6  having  paratellurite  geometry  and  terminated  by  hydrogen-like  atoms  with  optimized 
nuclear  charges  and  0-H  distances.  Hyperfine  and  superhyperfine  matrix  elements  were  calculated  based  on  the 
spin  densities  of  the  ab  initio  results,  and  the  effects  of  spin  delocalization,  second-order  perturbation  magnetic 
contributions,  extended  Cl  calculations,  double-zeta  quality  basis  functions  and  defect-centered  basis  functions  on 
these  parameters  were  investigated.  While  specific  results  in  excellent  agreement  with  EPR  measurements  were 
obtained  and  strongly  support  the  proposed  defect  model,  inability  to  obtain  overall  agreement  with  experiment 
via  a  single  calculation  is  suggestive  of  limitations  resulting  from  cluster  size  as  well  as  basis  set  quality  and  size. 


1  INTRODUCTION 

ab  initio  LCAO  MO  calculations  were  carried  out  on  clusters  containing  two  Te  atoms  and 
their  respective  coordination  spheres,  to  calculate  hyperfine  and  superhyperfine  parameters 
and  investigate  their  dependence  on  the  electronic  structure  of  the  cluster.  In  order  to 
obtain  a  crystal-like  potential  and  to  ensure  a  suitable  bonding  character  for  the  lone  pairs 
of  the  outermost  oxygens,  hydrogen-like  terminators  were  applied  to  the  cluster,  with 
nuclear  charges  and  bond  distances  optimized  to  equalize  gross  atomic  Mulliken 
populations  on  the  oxygens.^  Coordination  spheres  consisting  of  four  oxygen  atoms 
together  with  the  corresponding  terminators  were  used  for  each  Te  atom  in  the  cluster. 
With  few  exceptions,  Te  and  O  atoms  were  located  at  crystalline  sites.  Calculations  were 
carried  out  on  the  ‘dimer’  containing  two  tellurium  atoms  with  their  coordination  spheres 
and  terminators  of  composition  Te206H6  with  an  oxygen  vacancy  at  the  site  of  the  shared 
oxygen  and  with  an  excess  electron. 


2  METHOD 

Molecular  orbital  electronic  structure  calculations  were  carried  out  using  the  ab  initio 
open-shell  restricted  Hartree-Fock  LCGO  MO  SCF-CI  MELDF  program  package  of  the 
Quantum  Chemistry  Program  Exchange.^  Basis  sets  included  a  [Is,  Ip] (3s,  3p)  pseudo 
basis^  extended  by  a  Te02“energy  optimized  d  polarization  function  ((^  =  0.016)"^  for  Te, 
an  STO-3G  basis  set  for  O  and  terminator  H  atoms, ^  and  polarization  s,  p(C  =  0.028)+ 
diffuse  s  {C  =  0.001)  for  the  vacancy.  Hyperfine  and  superhyperfine  eigenvalues  were 
calculated  using  the  pseudo  spin  orbitals  and  pseudo  spin  densities  of  MELD  as  input  data, 
and  an  ample  Gaussian  atomic  basis  set,  Te:(23s,  19p,  13d).^ 
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3  RESULTS  AND  DISCUSSION 

Results  of  all  calculations  together  with  experimental  hyperfine  parameters^  are 
summarized  in  Table  I,  with  the  unique  details  of  each  calculation  given  in  the  notes 
(I)-(IO).  Previous  hyperfine  parameter  calculations  for  the  dimer^  have  shown  a 
satisfactory  agreement  with  experiment  in  terms  of  average  magnitudes,  but  the  relative 
magnitudes  of  the  parameters  were  not  well-reflected  in  the  calculated  values.  This  is  due 
to  the  predominant  p  character  of  the  spin  orbital  resulting  in  uniaxial  anisotropic  values, 
as  calculated  in  (2). 


Table  I 

Hyperfine  and  superhyperfine  tensor  components  (in  10“'^cm”*)  and  eigenvector  directions  (in  degrees,  measured 
with  respect  to  the  local  Te  site  coordinate  system).  Unique  details  of  calculations  are  given  in  notes  (I)-(IO) 


Note 

Energy 

Also 

Hyperfine  Components 

Axx  Ayy  Azz 

<i>x 

Eigenvector  Directions 
6x  Oy  <t>z 

exptJ 

634.7 

-39.6 

-101.7 

141.3 

89 

75 

-2 

-88 

84 

15 

(1) 

-462.133 

71.4 

-62.5 

-62.6 

125.2 

73 

-42 

-12 

86 

81 

48 

(2) 

-462.190 

298.8 

-60.4 

-60.4 

120.8 

-64 

58 

15 

-73 

81 

37 

(3) 

-462.184 

53.3 

-65.8 

-65.9 

131.7 

72 

-43 

-13 

85 

81 

48 

(4) 

-462.221 

51.8 

-78.8 

-78.9 

157.7 

73 

-43 

-12 

86 

82 

47 

(5) 

-462.133 

52.0 

-62.5 

-62.6 

125.1 

24 

-59 

-44 

57 

82 

48 

(6) 

-462.207 

85.8 

-66.4 

-63.6 

130.0 

-82 

42 

-2 

-81 

80 

49 

(7) 

-462.184 

53.3 

-65.8 

-65.9 

131.7 

72 

-43 

-13 

85 

81 

48 

(8) 

-462.116 

350.6 

-3.1 

-3.0 

6.2 

74 

-75 

-15 

89 

78 

14 

(9) 

-461.939 

656.4 

-58.0 

-58.1 

116.1 

-16 

82 

65 

-42 

81 

48 

(10) 

-239.322 

Energy 

4.7 

-63.8  -65.3  129.0 

Superhyperfine  Components 

15 

11  6  78  83 

Eigenvector  Directions 

85 

EXPT'' 

82.5 

-4.3 

-9.3 

13.6 

- 

- 

- 

- 

- 

(1) 

-462.133 

56.0 

-0.38 

-0.43 

0.81 

-9 

65 

-86 

-65 

42 

-37 

(2) 

-462.190 

62.5 

-0.30 

-0.35 

0.64 

1 

81 

-87 

-75 

62 

-16 

(3) 

-462.184 

35.7 

-0.42 

-0.52 

0.94 

-17 

53 

-88 

-67 

26 

-46 

(4) 

-462.221 

49.8 

-0.63 

-0.74 

1.37 

-27 

41 

87 

71 

11 

-56 

(6) 

-462.207 

25.5 

-0.15 

-0.79 

0.94 

-37 

40 

-83 

-60 

21 

-66 

(8) 

-462.116 

0.9 

-0.01 

-0.02 

0.03 

-30 

14 

-79 

-81 

12 

-80 

(9) 

-461.939 

8.9 

-0.34 

-0.32 

0.66 

-7 

76 

-88 

-61 

60 

-33 

(10) 

-239.322 

91.2 

-1.28 

-1.31 

2.59 

-27 

86 

70 

29 

60 

61 

(1)  no  extra  AO’s  centered  on  vacancy  site 

(2)  as  (1),  with  Te  relaxed  nearly  along  the  C2  axis 

(3)  energy  optimized  ssp  AO’s  centered  in  the  vacancy  site 

(4)  as  (3),  extended  with  double  zeta  Te  5p  orbitals 

(5)  as  (1),  using  spin  orbital  amplitudes  centered  on  atoms  in  the  first  coordination  sphere 

(6)  as  (3),  using  Cl  densities  after  a  Cl  calculation  with  all  singles,  doubles  and  triples  in  the  -5(occupied)/ 
+3(optimized  virtual)  active  space  (18996  configurations) 

(7)  as  (3),  with  second  order  perturbation  results  based  on  50  singles  (s)  with  the  one-electron  spin — nuclear  spin 
interaction  operator  (A):<0  lAI  sxs  lAI  0>/(Es— Eq) 

(8)  as  (1),  with  modified  contracted  Te  5d  orbitals  (2/3*zeta(Te  5p)) 

(9)  as  (1),  augmenting  the  energy-optimized  diffuse  d  orbital^  with  a  primitive  of  C  =  0.5 

(10)  Te04H4  monomer  with  an  additional  Te  substituting  for  an  O;  Te-Te:  2.56  A,  as  in  Te2;  Te-H:  1.56  A  as  in 
TeHs 


3.1  Total  Energy 

The  energy  values  in  Table  I  confirm  the  significance  of  the  basis  set.  The  lowest  energy  is 
obtained  by  the  double  zeta  Te-ls,  2p-(3s,5p)  calculation  (4),  which  is  followed  by  the 
energy  of  the  Cl  calculation  (6).  An  interesting  result  is  that  the  use  of  diffuse  and 
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polarization  s  and  p  orbitals  on  the  vacancy  in  (3)  results  in  a  0,052  a,u,  stabilization, 
nearly  equivalent  to  that  obtained  for  geometry  relaxation  (2).^  However,  using  only  s 
orbitals  centered  on  the  vacancy  yielded  almost  the  same  energy  as  (1)\  indicative  of 
directional  effects  between  the  Te  atom  and  vacancy.  Constraining  contracted  d  orbitals 
into  the  basis  set  in  (8)  and  (9)  resulted  in  energetic  destabilization  of  the  cluster. 

3.2  Hyperfine  Interactions 

The  Isotropic  hyperfine  values  in  Table  I  fall  into  two  groups,  the  low  values  of  (1), 
(3)-(7),  (10)  and  the  high  values  of  (2),  (8)  and  (9),  A  value  in  excellent  agreement  with 
experiment  was  calculated  in  (9)  by  augmenting  the  energy-optimized  diffuse  d  orbital"^ 
with  a  primitive  of  C  =  0.5,  and  the  best  agreement  with  experimental  eigenvector 
directions  was  calculated  in  (8)  with  modified  contracted  Te  5d  orbitals.  In  general  s 
amplitudes  were  found  to  affect  isotropic  values  to  a  greater  degree  than  the  same  amount 
of  p  and  d  amplitudes  affect  the  anisotropic  values.  Thus  relatively  high  isotropic  values 
can  originate  from  calculationally  uncertain  low  s  amplitudes.  The  increase  in  s  amplitudes 
can  be  traced  back  to  the  displacement  of  Te  5s  orbitals  into  the  virtual  and  open  shell 
space. 

The  calculated  principal  Azz  values  of  the  anisotropic  matrix  agree  fairly  well  with  the 
experimental  value,  with  the  best  result  attained  with  optimized  vacancy-centered  orbitals 
in  (3).  The  only  calculation  which  overestimates  experimental  values  is  (4)  which  may  be 
attributed  to  the  competitive  displacement  of  Te  5d  orbitals  from  the  doubly  occupied 
space.  The  relatively  low  values  for  (2)  can  be  explained  in  terms  of  a  nuclear 
configuration  better  suited  to  the  formation  of  spd  hybrids.  The  extremely  low  values  for 
(8)  are  the  direct  consequence  of  the  oxygen  hole  character  of  the  corresponding  spin 
orbital.  This  is  the  single  example  here  of  such  a  state  being  produced  by  modification  of 
the  basis  centered  on  the  Te  atom. 

A  significant  disagreement  between  theory  and  experiment  is  the  small  differences 
between  the  calculated  Axx  and  Ayy  values.  This  uniaxial  behavior  of  the  eigenvalues  is 
derivable  from  the  low  Te  5d  participation  in  the  spin  orbital.  Attempts  to  modify  the  d 
basis  on  Te  tend  to  decrease  the  d  spin  population.  Only  Cl  calculations  (6)  and  the 
inclusion  of  a  vicinal  Te  atom,  a  second  Te  replacing  an  O  in  a  Te04H4  monomer  cluster 
in  (10),  lead  to  some  triaxial  character. 

3.3  Superhyperfine  Interactions 

While  isotropic  superhyperfine  values  generally  are  in  good  agreement  with  experiment, 
anisotropic  values  generally  are  underestimated  by  an  order  of  magnitude,  a  general 
feature  of  these  calculations  emphasizing  the  isotropic  character  of  the  spin  density  at 
nuclei  having  the  lesser  spin  amplitude.  The  decrease  in  the  isotropic  value  with  modified 
d  orbital  in  (8)  and  (9),  and  the  improved  anisotropic  values  for  the  monomer  calculation  in 
(10)  suggest  the  need  for  a  larger  molecular  cluster  in  modeling  this  defect. 


4  CONCLUSIONS 

The  excess-electron  vacancy  center  model  in  paratellurite  is  supported  by  ab  initio  open- 
shell  RHF-SCF  calculations.  However,  while  specific  results  in  excellent  agreement  with 
EPR  measurements  were  obtained  by  including  vacancy-centered  orbitals,  improving  the 
quality  of  the  Te  basis  set,  and  modifying  the  Te  d  orbital,  limitations  attributed  to  cluster 
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size  and  basis  set  were  observed  in  an  inability  to  obtain  overall  agreement  with 
experimental  results  via  a  single  calculation.  A  pentamer  cluster  with  vacancy,  Te50i5Hi2, 
would  retain  the  C2  symmetry  of  the  defect,  and  suggests  itself  for  further  computational 
modeling  and  investigation  of  this  defect.  However,  the  increased  computational  time  due 
to  the  number  of  atoms  in  this  cluster  may  restrict  the  use  of  modified  orbitals  and 
improved  quality  basis  sets. 
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POINT  DEFECT  MODELLING  AND  TRANSPORT 
PROCESSES  IN  AgBr 


RADHA  D.  BANHATTI  and  Y.  V.  G.  S.  MURTI 

Department  of  Physics,  Indian  Institute  of  Technology,  Madras,  India 

We  have  modelled  cationic  Frenkel  defects,  Schottky  defects  and  bound  vacancy  pairs  in  AgBr  according  to  the 
recently  introduced  EPPI  model.  Our  findings  suggest  a  significant  role  for  Schottky  defects  in  the  excess  high 
temperature  conductivity  and  also  an  important  role  for  bound  vacancy  pairs  in  anion  self-diffusion. 

Key  words'.  AgBr,  point  defects,  formation  enthalpies,  defect  modelling,  ionic  conductivity  and  diffusion. 


1  MOTIVATION 

The  charge  and  mass  transport  in  AgBr  reveal  a  number  of  curious  features^  such  as  excess 
high  temperature  conductivity,  varied  behaviour  in  respect  of  diffusion  of  different 
monovalent  impurities,  curvature  in  the  Arrhenius  plot  of  anion  self-diffusion  and 
occurrence  of  premelting.^  Previous  analyses  of  experimental  data  ignored  any  possible 
role  of  Schottky  defects,  while  in  all  atomistic  calculations,  the  focus  had  been  on  refining 
potentials  with  the  polarization  treatments  restricted  to  the  dipolar  approximation. 

Based  on  a  critical  examination^  of  the  various  data  on  the  electronic  and  lattice 
properties,  we  conclude  that  van  der  Waals  (vdW)  interactions  are  strong  in  AgBr 
(Table  I).  The  short  range  interatomic  potential  used  is  a  two-body  potential  which 
adequately  represents  overlap  and  dispersion  forces."^  The  polarizabilities  are  determined 
according  to  the  MPPI  model.^  We  see  that  anion  (a)  and  cation  (c)  polarizabilities  are 
large  even  in  the  crystal  environment  (Table  I).  This  clearly  points  to  the  need  for  a  model 
to  account  for  the  strong  deformations  that  prevail  around  a  defect  in  the  highly  polarizable 
AgBr  crystal.  The  Extended  Polarizable  Point  Ion  (EPPI)  model^  has  been  formulated  to 
examine  the  effect  of  induced  quadrupolar  deformations. 


Table  I 

vdW  parameters  (Qj  in  eV  A®)  and  polarizabilities  (q^  in  A^) 


Ccc 

C.a 

Caa 

Die 

Qia 

148.23 

148.78 

318.92 

1.125 

4.172 

1.638 

2  EPPI  MODEL 

Within  the  Mott-Littleton  (ML)  scheme,^  it  is  customary  to  divide  the  crystal  into  two 
regions.  Region  1,  in  the  EPPI  model  consists  of  the  defect  and  its  nearest  neighbours. 
Region  2  is  the  rest  of  the  crystal,  whose  displacements  and  dipole  moments  are  assigned 
as  in  the  ML  scheme.  The  displacements  and  induced  dipole  (pi)  and  quadrupole  (Qij) 
moments  of  Region  1  are  determined  by  explicit  energy  minimization.  For  the  vacancy  and 
interstitial  defect  environments,  Region  1  ions  have  residual  site  symmetries  of  C4V  and 
C3V  respectively.  This  leads  to  axial  symmetry  of  the  Q  tensor  with  only  one  independent 
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component  such  as  where  i!  is  the  symmetry  axis.^  We  solve  for  the  dipole  and 
quadrupole  moments  simultaneously.  The  first  region  polarization  energy  consists  of  two 
parts:  the  dipole  energy  (Wp)  and  the  quadrupole  energy  (W^)  given  by 

w;  =  -  Jep  .  F„;  w’  =  -^E(l/6)SQij  Fn,,ij 

where  n  means  summation  over  the  ions  of  Region  1.  is  the  ij  component  of  the  field 
gradient  tensor  due  to  monopoles. 


3  RESULTS  AND  DISCUSSION 

The  extension  to  the  quadrupole  model  is  found  to  be  meaningful  and  significant  for  silver 
halides.  The  contribution  to  the  defect  formation  energy  is  between  0.8  eV  and  1.0  eV  for 
Schottky  and  Frenkel  defects.  From  Table  II  we  also  see  that  the  gap  between  formation 
enthalpies  for  cation  Frenkel  defects  and  Schottky  defects  is  much  less  0.5  eV).  This 
suggests  that  there  is  an  imperative  need  for  a  fresh  look  at  the  conductivity  anomaly  at 
high  temperatures,  treating  the  Schottky  defects  more  seriously.  This  view  finds  support  in 
the  work  of  Andreoni  and  Tosi.^ 


Table  II 

Defect  Formation  Enthalpies  (h  in  eV) 


Model 

Wav 

Wcv 

Wei 

hs 

hp 

hyp 

MPPI 

6.08 

5.04 

-2.70 

2.47 

2.34 

1.26 

EPPI 

5.95 

4.55 

-3.21 

1.85 

1.34 

0.70 

Wav,  Wcv,  Wei — energy  for  creation  of  anion  &  cation  vacancies, 
— and  cation  interstitials  respectively. 


We  see  from  Table  III  that  for  the  vacancy  defect,  the  polarization  contribution 
(Wp  +  Wq)  dominates  so  that  the  equilibrium  displacement  Sa  of  Region  1  ions  in 
the  EPPI  model  is  inwards.  In  the  case  of  the  interstitial  defect,  short  range  interactions 
(W^JP,  prevail,  with  the  Region  1  ions  relaxing  outwards  (Sc,Sa)  so  as  to  avoid 

overlap  between  them.  Inclusion  of  quadrupolar  effects  does  not  significantly  affect  these 
relaxations.  This  shows  that  in  AgBr,  interstitial  defects  are  stabilized  by  vdW  forces  and 
vacancy  defects  by  the  total  polarization. 

The  average  experimental  values  of  hp  and  hs  for  AgBr  are  1.21  eV  and  1.70  eV 
respectively.  A  better  agreement  of  our  results  with  experimental  values  will  result  if  one 
were  to  consider  the  quadrupolar  polarizability  of  Br~  ion  in  AgBr  to  be  closer  to  its  free 
ion  value. 

Though  the  other  theoretical  works  obtain  a  lower  value  of  hp,  the  thrust  of  those 
calculations  is  on  the  potential  models;  we  discuss  in  detail,  the  virtues  and  limitations  of 
such  an  approach  elsewhere.^  It  may  be  pointed  out  that  the  experimental  quantification  of 
hp  is  based  on  a  rigorous  analysis  of  conductivity  data  (which  ignores  possible 
contributions  from  Scottky  defects)  and  there  is  no  corresponding  independent  analysis  of 
the  self-diffusion  data. 

The  vacancy  pair  enthalpy  hyp  lies  between  0.7-1,26  eV  (Table  II).  The  EPPI  value 
includes  a  rough  estimate  of  the  quadrupole  contribution.  This  confirms  that  vacancy  pairs 
have  a  larger  role  to  play  in  anion  self-diffusion.  The  activation  energy  for  the  single 
vacancy  is  much  larger  than  for  the  pair.  This  together  with  the  low  value  of  hyp  suggests 
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that  the  migration  enthalpy  of  the  vacancy  pair  is  likely  to  be  lower.  One  has  here  a 
probable  explanation  for  the  observed  anomalous  diffusion  in  AgBr.^ 

It  is  interesting  to  note  that  in  AgBr,  three  kinds  of  lattice  disorder — cationic  Frenkel 
defects,  Schottky  defects  and  vacancy  pairs  all  play  a  significant  role  resulting  in  the 
richness  and  complexity  of  transport  processes. 


Table  HI 

Details  of  Results 


Cation  Interstitial 

Cation  Vacancy 

MPPI 

EPPI 

MPPI 

EPPI 

Sc 

0.06 

0.06 

- 

- 

Sa 

0.02 

0.02 

0.01 

-0.03 

Wvdw 

0.93 

0.93 

-0.10 

0.28 

w|,'+w^ 

-1.20 

-1.20 

0.24 

-0.65 

-1.65 

-2.16 

-1.48 

-2.74 

Ed 

-2.70 

-3.21 

5.04 

4.55 

Sc  and  Sa  are 

fractional  displacements  of  Region  1 ;  energy  terms  are  in 

eV. 
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Results  are  presented  of  computer  simulation  studies  of  some  uranium  oxide  phases,  using  two  contrasting 
methods  to  calculate  defect  parameters.  The  first  is  based  on  the  Mott-Littleton  approach,  which  assumes 
defects  to  be  in  infinite  dilution  in  an  otherwise  perfect  lattice,  and  the  second  allows  finite  defect  concentrations 
to  be  modelled,  using  a  supercell  approach.  Two  groups  of  uranium  oxide  compounds  are  studied;  firstly  the 
mixed  oxide  reactor  fuel  (U,Pu)02,  where  lattice  and  defect  properties  are  obtained  as  a  function  of  Pu 
concentration,  and  secondly  the  alkaline  earth  metal  uranates  MalJOfi,  where  the  calculation  of  a  complete  set  of 
structural  data  and  defect  parameters  is  described,  and  the  dominant  mode  of  intrinsic  disorder  proposed. 

Key  words:  Computer  Simulation,  Supercell,  Reactor  Fuel,  Uranates. 


1  INTRODUCTION 

The  many  phases  of  uranium  oxide  are  of  considerable  importance  due  to  the  use  of  the 
parent  compound,  UO2,  as  a  nuclear  fuel,  which  leads  to  the  formation  of  other  phases  as 
by-products.  For  reasons  ranging  from  safety  issues  to  the  sheer  number  of  such  compounds, 
there  is  considerable  motivation  for  studying  their  properties  by  computer  simulation.  Some 
of  the  the  previous  computational  work  in  this  area  has  looked  at  UO2  in  detail,  ’  the 
behaviour  of  fission  gas,^’"^  and  the  alkali  metal  uranates^  This  paper  uses  a  supercell 

method  to  model  the  mixed  oxide  fuel  (U,Pu)02,  and  calculates  lattice  and  point  defect 
properties  of  alkaline  earth  uranates. 


2  THEORY  AND  COMPUTATION 

The  computer  modelling  of  ionic  and  semi-ionic  materials  is  well-established,  and  will 
only  be  described  briefly  here.  Calculation  of  perfect  lattice  and  defect  properties  is 
considered  separately. 

2. 1  Perfect  Lattice  Properties 

The  procedure  used  here  is  lattice  energy  minimisation,  where  the  properties  are  calculated 
from  a  structure  relaxed  to  its  lattice  energy  minimum. 

2.2  Defect  Properties 

Two  methods  are  used  to  calculate  these;  which  is  the  more  suitable  depends  on  defect 
concentration.  For  point  defects,  a  method  which  assumes  infinite  dilution  is  appropriate, 
i.  e.  the  Mott-Littleton  2-region  strategy,  which  is  fully  documented  elsewhere.^ 

However,  where  there  is  a  finite  defect  concentration  a  method  which  allows  defects  to 
interact  is  more  appropriate,  and  the  supercell  method^  falls  into  this  category,  in  which  a 
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large  unit  cell  is  used,  into  which  the  defects  are  introduced  explicitly.  The  subsequent 
procedure  is  as  for  lattice  energy  minimisation.  An  advantage  of  this  method  is  that  lattice 
properties  can  be  calculate,  e.  g.  as  a  function  of  defect  concentration. 


3  PROCEDURE  AND  RESULTS 

(i)  (U,Pu)02  There  are  three  possibilities:  stoichiometric,  hypostoichiometric 

(deficient  of  oxygen),  and  hyperstoichiometric  (with  oxygen  excess).  Since  little 
experimental  data  is  available  for  the  latter  case,  this  paper  will  concentrate  on  the 
stoichiometric  and  hypostoichiometric  systems,  where  comparison  is  possible. 

In  each  case,  the  system  is  simulated  using  a  3  x  3  x  3  supercell.  In  the  stoichiometric 
case,  (U ,_y  PUy)02,  the  Pu  content  is  varied  from  y  =  0  to  y  =  1 ,  and  three  distribution  schemes 
are  considered:  a  random  distribution,  a  centred  distribution  and  a  side  ordered  one. 
Figure  1  shows  the  substitution  energy  per  PU  ion  plotted  versus  Pu  content,  and  it  is  seen 
that  the  distribution  scheme  does  not  affect  the  result,  which  agrees  with  earlier  work  which 
assumed  a  random  distribution  would  apply.  Figure  2  shows  the  variation  of  lattice  parameter 
with  Pu  content,  compared  with  experimental  values. 

For  the  hypostoichiometric  system,  (Uj.y  PUy)02_x,  the  Pu  is  assumed  to  be  in  the  form  of 
Pu^"^  ions, compensated  by  0^“  vacancies.  The  Pu  concentration,  y,  and  the  degree  of  non¬ 
stoichiometry,  X,  are  variables,  and  three  ordering  schemes  are  investigated.  The  first  is  a 
random  distribution  of  ions  and  vacancies,  and  the  second  and  third  are  clusters  involving 
respectively  one  and  two  Pu^^  ions  bound  to  nearest  neighbour  0"“  vacancies.  It  turns  out  that 
the  cluster  involving  two  Pu^""  ions  has  the  lowest  energy,  suggesting  that  it  is  most  likely  to 
be  formed.  As  a  further  test,  the  lattice  parameter  is  calculated  as  a  function  of  x  for  each 
scheme;  Figure  3  shows  the  comparison  with  experiment,  and  the  scheme  involving  two  Pu^^ 
ions  is  closest,  confirming  that  this  is  most  likely  to  be  formed.  It  is  therefore  concluded  that 
in  the  hypostoichiometric  case,  the  observed  disorder  is  likely  to  be  clusters  of  this  type. 
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FIGURE  1  Substitution  energy  per  Pu'*''  cation  against  Pu  concentration. 
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FIGURE  2  Variation  of  lattice  parameter  with  Pu  concentration. 


X 


FIGURE  3  Variation  of  lattice  parameter  with  degree  of  non-stoichiometry  x,  for  different  defect 
distributions  in  (U,_yPUy)02_x  with  5.5%  Pu. 


(ii)  Alkaline  Earth  Metal  Uranates  The  compounds  MjUO^,  where  M  is  an  alkaline 
earth  cation,  are  of  importance  as  they  are  formed  by  reaction  of  fission  products  with 
nuclear  fuel.  They  have  also  been  recognised  as  having  potential  applications  in 
materials  chemistry  as  catalytic  materials  and  electrodes. 

The  compounds  considered  here  are  those  with  M  =  Mg,  Ca,  Sr  and  Ba.  It  can  be  seen 
that  if  all  the  possible  combinations  of  M  are  considered,  this  leads  to  a  large  number  of 


164 


ROBERT  A.  JACKSON  ET  AL 


compounds.  If  M  is  replaced  by  A,B,C  to  allow  for  different  combinations  then  there  are 
compounds  of  type  A3UO6,  A2BUO6,  and  ABCU06  for  all  the  elements  listed  above. 
Experimental  structural  information  is  only  available  for  a  small  number  of  these 
compounds.  The  aim  of  this  study  was  therefore  to  use  lattice  energy  minimisation  to 
calculate  the  structures  and  lattice  properties  of  all  the  possible  compounds,  and  then  to  go 
on  to  look  at  their  defect  chemistry. 

The  structures  are  mainly  orthorhombic,  but  with  a  slight  distortion  in  the  ^  angle  from 
90"^.  Elastic  and  dielectric  constants  are  also  calculated,  although  as  yet  there  are  no 
experimental  determinations  of  these  quantities  for  comparison.  Space  does  not  permit 
tabulation  of  this  information  in  the  present  paper,  but  it  will  be  included  in  a  future 
publication.^ 

A  full  survey  of  the  defect  chemistry  has  also  been  carried  out  for  all  compounds.  This 
includes  calculation  of  all  possible  vacancy  and  interstitial  energies  for  each  compound, 
and  their  combination  to  give  the  various  Frenkel  and  Schottky  energies.  These  calculations 
were  carried  out  using  Mott-Littleton  procedures.  The  predicted  intrinsic  disorder  varies 
from  one  group  of  compounds  to  another,  but  for  most,  pseudo-Schottky  behaviour  is 
predicted  (formation  of  cation  and  oxygen  vacancies),  with  the  exception  of  the  Mg2BU06 
series,  where  cation  Frenkel  disorder  is  predicted.  Full  details  will  be  given  in  a  future 
publication.^ 
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SHELL  MODEL  AND  EMBEDDED  CLUSTER 
CALCULATIONS  OF  HOLE  BIPOLARONS  IN  BaTiOj 


H.  DONNERBERG  and  A.  BIRKHOLZ 
University  of  Osnabriick,  FB  Physik,  D-49069  OsnabrUck 

Classical  shell-model-  as  well  as  embedded-cluster-type  calculations  are  employed  in  order  to  supply  theoretical 
arguments  in  favour  of  hole  bipolarons  in  BaTiOs.  In  particular  the  embedded  cluster  modelling  studies,  which 
explicitly  include  the  local  electronic  defect  structure,  suggest  the  importance  of  lattice  relaxation  and  electron 
correlation  terms  in  order  to  stabilize  diamagnetic  molecules  (bipolarons)  in  the  material.  Our  simulations 
show  that  hole  bipolarons  are  predominantly  bound  at  Ti-site  acceptor  defects. 

Key  words:  Hole  bipolarons,  BaTiOs,  shell  model,  embedded  cluster  calculations. 


1  INTRODUCTION 

Oxides  ABO3  with  perovskite  structure  are  highly  promising  materials  for  optical 
applications.  In  general  there  is  a  marked  correspondence  between  the  defect  structure  and 
the  relevant  properties  of  the  oxide. 

Recently  hole  bipolarons  possibly  trapped  at  suitable  acceptor-type  defects  have  been 
speculated  to  exist  in  the  photorefractive  material  BaTiOa.^  It  has  been  found  that  light- 
induced  charge-transfer  reactions  must  involve  defect-centers  which  are  invisible  in  photo 
electron  spin  resonance  (Photo-ESR)  experiments.  In  order  to  explain  these  results,  holes 
which  are  created  in  the  valence  band  during  illumination  were  assumed  to  become 
pairwise  bound  in  form  of  molecular  aggregates.  Similar  to  isoelectronic  F2  molecules 
such  oxygen  complexes  should  possess  a  diamagnetic  ground  state,  thus  being  insensitive 
to  ESR.  Nearby  acceptor  defects  can  be  expected  to  aid  the  required  hole  localization. 

We  present  corresponding  computer  simulations  of  these  trapped  hole  bipolarons  which 
are  based  on  shell  model  calculations  and  additional  embedded  cluster  investigations. 


2  METHODS  AND  RESULTS 
2.1  Shell  Model  Calculations 

Within  a  classical  shell  model  approach^  each  ion  is  represented  by  a  massive  core  to 
which  a  shell  is  harmonically  bound.  Pair  potentials  are  specified  between  different  ionic 
components.  The  minimization  of  the  lattice  energy  by  independent  variation  of  core  and 
shell  co-ordinates  yields  the  equilibrium  configuration  of  the  perfect  and  the  defective 
lattice.  For  details  of  solid  state  computer  simulations  we  refer  to  the  monograph  edited  by 
Catlow  and  Mackrodt.^  All  potential  parameters  appropriate  for  BaTiOs  and  for  impurity- 
oxygen  interactions  have  been  taken  from  the  extensive  work  of  Lewis  and  Catlow.^  In 
addition  we  employed  an  0~-0”  pair  potential  to  represent  the  attractive  covalent 
interaction  between  the  respective  0~  hole  species.^  This  potential  has  been  generated  by 
simulations  of  selftrapped  holes  in  corundum  based  on  the  INDO  approximation.  These 
Vj^-type  defects  may  be  considered  as  negatively  ionized  hole  bipolarons,  the  derived  pair 
potential  is  therefore  assumed  to  model  hole  bipolarons  in  BaTiOs  as  well. 

In  table  I  we  summarize  our  calculated  results  of  hole  bipolaron  formation  close  to  Ti- 
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FIGURE  1  Dependence  of  the  bipolaron  singlet  (o)  and  triplet  (•)  spin  states  as  a  function  of  the  O  -O 
separation  within  HF-theory.  Lattice  relaxation  is  included. 


site  and  Ba-site  acceptor  defects. 


Table  I 

Hole  bipolaron  formation  at  Ti-site  and  Ba-site  acceptor  defects  in  BaTiOs, 


acceptor  defect 

bipolaronic  bond  length  /  A 

binding  energy  (eV)  of  bipolarons 
to  acceptor-type  defects 

AIjI 

1.24 

-1.88 

1.23 

-0.61 

Mg?-T 

1.24 

-1.80 

F4r 

1.22 

-0.87 

Vr, 

1.19 

-1.63 

1.21 

-0.42 

Na5„ 

1.23 

+0.03 

Ki 

2.70 

+0.80 

VBa 

2.57 

+0.94 

Bipolarons  may  be  interpreted  as  a  tightly  bound  molecules  with  fixed  bond  length 
around  1.2  A.  This  calculated  bond  length  is  in  qualitative  agreement  with  the  known  bond 
length  ^1.4  A  of  isoelectronic  free  F2  molecules.^  Three  different  binding  energies  can  be 
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distinguished.  The  first  describes  the  bonding  of  bipolarons  to  acceptor-type  defects  (see 
table  I),  whereas  the  second  and  third  measure  the  affinity  of  the  first  and  the  second  hole, 
respectively,  to  an  acceptor.  Table  II  shows  hole  ionization  energies  (negative  binding 
energies)  for  a  number  of  acceptor  defects.  The  1.  hole  ionization  energy  corresponds  to 
the  dissociation  of  molecular  bipolarons.  Resulting  from  covalency  between  the  0“  ions 
this  energy  is  in  all  cases  greater  than  the  2.  hole  ionization  energy  (negative-U  behaviour). 
The  2.  ionization  energy  characterizes  single  hole  trapping. 


Table  II 

Hole  ionization  energies  of  trapped  hole  bipolarons  in  BaTiOs. 


acceptor-type  defect 

1 .  hole  ionization 
energy  (eV) 

2.  hole  ionization 
energy  (eV) 

Ti^t  (isolated  bipolaron) 

1.25 

0 

Al|t 

2.27 

0.85 

Cr|-t 

1.29 

0.57 

MgIT 

2.19 

0.82 

Fef-t 

1.70 

0.42 

LiJo 

1.59 

0.08 

NaJ, 

1.16 

0.06 

The  binding  of  hole  bipolarons  to  Ba-site  acceptor-type  defects  is  generally 
unfavourable,  except  to  small  Li  ions  (however,  a  binding  to  sodium  ions  cannot  be 
fully  ruled  out  on  the  basis  of  the  present  simulations).  The  trapping  of  bipolarons  at  large 
Ba-site  acceptor  defects  is  in  particular  unfavourable,  because  a  proper  formation  of 
molecules  with  bond  lengths  around  1.2  A  is  inhibited.  ions  but  also  barium  vacancies 
provide  corresponding  examples  (see  table  I). 

The  existence  of  bipolarons  is  not  only  based  on  the  additional  covalent  interaction, 
lattice  relaxation  aids  their  formation  as  well.  This  could  be  shown  by  simulating  two  holes 
located  on  neighbouring  oxygen  ions  without  any  covalent  interaction.  The  holes  are 
bound  to  each  other  corresponding  to  an  energy  gain  of  0.2  eV  and  to  a  bond  length  of 
2.69  A  which  is  slightly  less  than  the  perfect  lattice  separation  of  2.80  A. 

2.2  Embedded  Cluster  Calculations 

The  aforementioned  shell  model  based  simulations  are  useful  in  order  to  get  an  overview 
of  the  underlying  physics.  However,  further  embedded  cluster  calculations  involving  the 
local  electronic  defect  structure  are  necessary  to  correctly  model  the  explicit  hole-hole 
interaction  as  well  as  to  infer  the  appropriate  spin  state  of  hole  bipolarons.  Preliminary 
embedded  cluster  calculations  have  been  performed  in  order  to  extend  the  shell  model 
simulations  in  the  case  of  Ti-site  acceptors.  In  particular  we  have  considered  a  Mg^"^ 
acceptor  impurity  cation.  The  central  defect  cluster  consisting  of  19  ions  besides  the 
0\'  bipolaron  is  described  by  means  of  effective  core  potentials^  implemented  on  the 
outer  Ba-  and  Ti-cations  and  by  a  MO-ansatz  for  the  central  acceptor-oxygen  complex 
MgOe.  Gaussian-type  basis  functions  with  split- valence  (SV)  quality  have  been  employed 
for  magnesium^  and  its  oxygen  ligands;^  the  basis  set  was  further  augmented  by  polarizing 
(^-functions.  The  ab  initio  level  of  these  calculations  corresponds  to  the  unrestricted 
Hartree-Fock  (UHF)  approximation.  In  addition,  preliminary  simulations  have  been 
performed  including  electronic  correlation  contributions.  These  calculations  were 
restricted  to  single  and  double  electronic  excitations  (SDCI)  out  of  the  oxygen  2p  valence 
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shell  with  reference  to  the  respective  HF-states.  On  the  basis  of  perturbation  theory  the 
10,000  energetically  most  important  configurations  have  been  chosen  for  a  diagonalization 
of  the  CI-Hamiltonian-matrix. 

Two  geometrical  hole-acceptor  configurations  have  been  considered:  the  bipolaron  with 
two  holes  on  neighbouring  oxygen  ions  trapped  at  a  magnesium  impurity  and  a  linear 
complex  These  defects  have  been  investigated  under  various  conditions: 

•  Hartree-Fock  (HF)  treatment  of  the  quantum  defect  cluster  employing  a  rigid  crystal 
lattice  with  ions  on  their  perfect  lattice  positions.  Only  the  0~  partners  were  allowed  to 
relax. 

•  HF  description  of  the  cluster  including  complete  lattice  relaxation. 

•  The  equilibrium  lattice  of  the  previous  step  has  been  used  in  further  investigations 
using  a  SDCI  description  of  the  central  defect  cluster. 

Figure  1  displays  the  energies  of  the  singlet  and  triplet  state  of  the  hole  bipolaron 
complex  employing  full  lattice  relaxation  and  the  HF-approximation. 

I^e  bipolaron  bond  length  corresponds  to  1.4  A,  thus  being  in  good  agreement  with  our 
shell  model  based  simulations.  The  most  favourable  electronic  state  is  a  diamagnetic 
singlet  state.  Increasing  the  bond  length  drops  the  triplet  state  below  the  singlet  state.  The 
reason  for  this  behaviour,  which  deviates  from  corrresponding  results  for  isolated  F2 
molecules,  is  based  on  electronic  interactions  between  the  0“  ions  and  crystal  ions  in  the 
neighbourhood.  In  particular  the  triplet-bipolaron  takes  advantage  of  this  interaction 
because  of  its  antisymmetrical  molecular  charge  distribution.  In  any  case,  the  equilibrium 
singlet  state  is  2  eV  below  the  lowest  triplet  state.  However,  within  the  HF-approximation 
the  linear  (triplet-)  configuration  is  ~  0.5  eV  more  favourable  than  the  alternative 
bipolaron.  Thus,  in  the  HF-approximation  the  simulated  bipolaron  is  only  metastable.  Our 
results  indicate  that  neither  lattice  relaxation  nor  electronic  correlation  alone  is  sufficient  in 
order  to  favour  the  bipolaron  state  against  the  linear  hole-acceptor  configuration.  It  is 
found  that  both  mechanisms  must  be  operative  in  order  to  obtain  a  bipolaron-type 
groundstate.  In  this  case  the  singlet  state  of  the  bipolaron  is  1.65  eV  lower  in  energy  than 
the  linear  complex  in  its  most  favourable  triplet  state.  Anticipating  at  this  stage  the  shell 
model  based  result  that  the  linear  configuration  is  only  slightly  bound,  the  above  quoted 
1.65  eV  roughly  measure  the  bipolaron  dissociation  energy.  From  Table  II  a 
corrresponding  shell-model-value  of  2.2  eV  is  inferred,  which  is  in  satisfactory  agreement 
with  this  estimate.  Future  work  aims  to  rexamine  the  energy  dependence  of  the  respective 
bipolaron  states  as  a  function  of  the  0“-0“  separation  by  consistent  inclusion  of  electronic 
correlation. 

In  summary,  our  present  calculations  support  Photo-ESR  based  speculations  favouring 
diamagnetic  hole  bipolarons  in  BaTiOs.  Lattice  relaxation  as  well  as  electronic  correlation 
are  important  in  order  to  stabilize  these  defect  species. 

This  work  is  supported  by  the  DFG  through  SFB  225. 
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ATOMISTIC  LATTICE  SIMULATIONS  OF  DOPANT 
MIGRATION  IN  PLANAR-AND  HELICAL-CHAIN 
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The  lowest-energy  lattices  of  polypyrrole  and  polythiophene  in  their  planar  conformations  derived  by  atomistic 
lattice  simulation  agree  with  the  results  of  diffraction  studies  on  undoped  polythiophene.  When  doped,  the 
structures  become  layer  lattices,  the  dopant  ions  occupying  intercalation  sites.  A  defect-lattice  method  to 
investigate  the  migration  of  Cl"  and  BF4  gives  energy  barriers  0.5-2.3  eV.  The  stabilisation  of  single  chains  and 
lattices  of  helical  polythiophene  requires  olefinic  character  in  the  inter-ring  bond.  The  ‘interleaving’  of  the  strands 
of  adjacent  chains  requires  the  dopant  ions  to  occupy  sites  in  the  axial  region  of  the  helical  cavity,  along  which 
their  migration  is  expected  to  be  rapid. 


1  METHOD  OF  CALCULATION 

The  simulation  method  embodied  in  the  lattice  simulation  codes  of  CASCADE^  uses  a 
force  field  of  atomistic  potentials  to  calculate  the  lattice  energy  of  a  proposed  structure. 
Following  the  ‘two-region  strategy’  method  of  treating  defect  lattices,^  the  motion  of  a 
dopant  ion  is  considered  by  monitoring  the  defect  energy  during  an  ion’s  migration 
between  two  vacant  sites.  At  all  stages  of  the  migration  the  lattice  is  permitted  to  relax 
around  the  defect. 


2  RESULTS 

2.1  Perfect  Lattice' Simulations^ 

The  energy  minimisation  procedure  in  CASCADE  was  used  to  optimise  various  proposed 
structures  of  the  undoped  lattices.  For  polythiophene  the  two  lowest-energy  structures 
agree  with  results  of  two  different  diffraction  studies, suggesting  bimorphism.  Doping 
polypyrrole  and  poly  thiophene  with  Cl“,  CIO4  or  BF4  changes  the  structures  by  forming 
layer  lattices,  the  dopant  ions  occupying  intercalation-like  sites  between  the  chains. 

2.2  Dopant-Ion  Migration 

The  energy  profile  (Figure  1)  shows  that  during  its  ‘jump’  between  a  pair  of  equivalent 
vacancies  in  polypyrrole,  the  ion  encounters  a  broad  barrier,  defining  an  activation  energy 
of  2.2  eV.  The  shape  is  that  of  a  shallow  crater,  the  crests  of  which  originate  in  the  passage 
of  the  BF4  ion  between  pairs  of  H  atoms  on  different  chains. 

For  the  migration  of  the  ion  Cl“  in  polythiophene,  the  energy  profile  is  a  smooth  barrier 
(0.9  eV)  associated  with  the  entry  of  the  ion  into  a  high-energy  ‘cavity  region’  between  the 
chains.  In  polypyrrole,  the  centre  of  a  similar  ‘cavity  region’  constitutes  a  secondary  stable 
site  for  the  ion,  resulting  in  a  double  barrier  with  overall  energy  2.3  eV  (Figure  2). 
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FIGURE  1  Stages  in  the  migration  of  BF4  between  two  vacancy  sites  showing  {upper  curve)  the  extent  of  the 
distortion  of  the  host  lattice  and  {lower  curve)  the  energy  profile  for  the  jump.  The  position  of  the  BF  4  ion 
between  adjacent  chains  is  illustrated  at  the  bottom  of  the  Figure,  and  shows  that  the  energy  barrier  is  caused  by 
the  passage  of  the  dopant  past  a  pair  of  — CH  —  CH—  segments  on  both  chains. 
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r.m.s.  atomic  displacement  (A) 


Defect  energy  (eV) 


Defect  energy  (eV) 


FIGURE  2  The  energy  profile  for  the  migration  of  the  Cl“  dopant  ion  between  two  vacency  sites  in  {left) 
polythiophene  and  {right)  polypyrrole.  The  Cl~  ion  experiences  the  ‘cavity  region’  of  polythiophene  as  one  of 
high  energy,  but  the  imino  H  atoms  on  polypyrrole  present  a  narrow  energy  well  to  the  ion  at  the  centre  of  the 
corresponding  region. 


2.3  Helical  Polythiophene 

Unless  the  inter-ring  bond  has  very  low  tt  character,  the  lattice  energy  shows  that  a  single 
chain  of  poly  thiophene  has  two  stable  states.^  In  its  lowest  energy  state  the  polymer 
assumes  an  diW-anti  conformation,  slightly  higher  than  which  is  a  nearly  dl\-syn  helix.  The 
interconversion  of  these  structures  is  hindered  by  an  energy  barrier  of  ~  100  kJ 
(mol  ring)”^  A  full  relaxation  of  the  chain  produced  a  structure  with  a  pitch  of  7.2  A  and 
a  width  of  17.9  A.  The  values  from  scanning  tunnelling  microscopy  are  respectively  8  and 

18  kJ 

The  3 -dimensional  lattice  was  taken  to  possess  the  hexagonal  symmetry  found  by  the 
diffraction  studies  of  Gamier  et  al^  on  polythiophene  doped  with  CF3SOJ,  in  which  each 
chain  is  surrounded  by  six  identical  chains.  Figure  3,  which  presents  the  stmctures  of  the 
unit  cell  and  of  the  chains  when  the  lattice  is  allowed  to  relax  fully,  shows  that 
neighbouring  chains  partially  ‘interleave’.  An  important  consequence  of  this  is  that  there  is 
space  for  the  dopant  ions  only  in  the  helical  cavity  of  the  chains,  which  has  a  diameter  of 

11  A. 
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FIGURE  3  A  hexagonal  lattice  of  helical  chains  of  poly  thiophene,  viewed  (a)  along  and  (b)  normal  to  their  axes. 
Notice  the  partial  ‘interleaving’  of  the  helices. 


2.4  Dopant  Mobility  in  Helical  Polythiophene 

Results  of  a  series  of  calculations  of  the  relative  energies  of  structures  in  which  the  BF  ^ 
ion  was  placed  at  various  points  in  channels  within  the  helical  chains  reveal  an  almost 
constant  energy  path  through  the  channel  However,  rather  than  following  a  linear  path, 
the  BF4  ion  is  at  times  diverted  by  1.5  A  from  the  channel  axis. 

The  almost  featureless  lowest-energy  pathway  for  the  BF4  ion  indicates  a  high  mobility 
of  the  dopant  ion  in  the  channels  formed  by  the  helical  polymer. 
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The  electronic  structures  of  Co^""  and  ions  are  obtained  by  the  molecular  orbital  LCGTO-LSD  method. 
Electrostatic  matrix  calculations  are  performed  for  d^  and  d^  configurations.  Theoretical  optical  data  are 
discussed  in  function  of  the  impurity  site  location  in  the  crystal  cell. 

Key  words:  Electronic  structures,  crystal  field  spectra,  3d  ions. 


1  INTRODUCTION 

It  is  well  known  the  3d  ions  doping  oxides  may  create  local  distortions  in  the  crystal  host; 
in  particular,  different  substitutional  sites  have  been  observed  in  LaMgAl,,Oi9  (LMA)  or 
LiNb03  crystals  from  optical  and/or  EPR  experiments.  The  aim  of  the  present  work  is  to 
obtain  the  ligand  field  multiplets  of  Cr^"'  and  Ni^'’  ions  in  these  oxides  from  a  cluster  approach. 
These  calculations,  based  on  the  local  spin  density  theory  (LSD),^  are  carried  out  with  the 
LCGTO  deMon  code.^  Electrostatic  matrix  calculations  are  performed  for  d^  and  d^ 
configurations  in  cubic  and  axially  distorted  crystal  fields  (CF)  with  parameters  drawn  from 
the  eigenvalues  and  eigenvectors  relevant  to  3d  levels  in  the  molecular  orbital  diagrams  as 
it  was  described  earlier  for  some  d^  and  d^  ions.^’"^  The  theoretical  ligand-field  multiplets 
are  compared  to  the  optical  emission/absorption  spectra  of  the  oxides  doped  either  with 
Ni2+ 5,6,7  ^^ables  one  to  check  the  validity  of  the  model  on  the  well  identified 

MgO  case  and  to  discuss  the  possible  subtitutional  sites  of  the  3d  ions  in  LiNb03  and  LMA 
crystals. 


2  PRINCIPLES  OF  TERM  ENERGY  CALCULATIONS 

Molecular  orbital  calculations  are  carried  out  on  MO^  clusters  involving  the  metal  atom  M(Ni 
or  Cr)  and  the  oxygen  octahedron  surrounding  the  substituted  site.  The  cluster  symmetries 
are:  (MgO),  D3d(LMA:  2a  site),  C3,(LMA:  4f  site,  LiNb03:  Li  or  Nb  sites).  The  eventual 

local  structure  changes  due  to  doping  are  neglected,  excepted  for  LiNbOg.  In  this  latter,  the 
relaxed  positions  of  3d  ions  along  the  c  axis  from  the  initial  Li  or  Nb  positions  predicted  by 
LGGTO  calculations  “  are  considered  in  the  present  work.  A  scheme  of  3d  monoelectronic 
eigenvalues  implied  in  crystal-field  calculations  is  shown  in  Figure  1 .  In  a  trigonally  distorted 
crystal  field  Vj,  the  octahedral  t2g  and  eg  levels  are  scrambled  according  to 

<eg,2elVJeg,2e>  =  6Dq  +  7/3Dt  <t2g,  lelVJtsg,  le>  =  -4Dq  +  Da'+2/3DT 
<t2g,  allVtlt2g,  ai>  =  -4Dq  -  2Do-  -  6Dt  <t2g,  leIVtIeg,  2e>  =  V2Dcr-5V2/3DT 

The  CF  parameters  Dq,  Dcr  and  Dr  are  calculated  from  total  energy  differences 
between  ground  (GS)  and  excited  (ES)  configurations  :  ai^‘let^2et^ai/le|^(GS)  and 
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LMA(4f)“ 


Crystal  MgO'^ 

CF  parameters 


LMA'  LiNgOjCLi)^  LiNbOj" 


Dq 

755 

831 

1  131 

1  010 

862 

815 

Do- 

0 

0 

0 

0 

250 

360 

Dt 

0 

-60 

-30 

B 

799 

850 

799 

795 

779 

779 

C 

3198 

3  435 

3  198 

3  100 

3  198 

3  198 

644 

650 

644 

644 

Optical  spectra 

% 

7  238 

8  001 

10  806 

7  700 

8  109(7r) 

7  810(77) 

7  997 

8  751 

11  720 

10  000 

8  592(^7) 

7  970(0-) 

'E 

11  902 

13  005 

12  696 

12  188 

12  120 

^T, 

11  775 

12  981 

17  078 

18  182 

14  799(77) 

13  330(77) 

13  755 

14  907 

18310 

13  622(0-) 

12  990(0-) 

'T, 

19  302 

21  099 

23  403 

20  749(77) 

19  420(77) 

20  402(0-) 

20  450(0-) 

‘A, 

20  301 

21  458 

23  809 

19  775 

20  620 

'T, 

22  049 

23  882 

28  182 

27  027 

22  805(77) 

22  220(77) 

22  661 

24  486 

28  449 

20  072(cr) 

23  260(0-) 

a,t‘let^2et^le/2e/(ES)  for  Ni^'*^;ai|4ei^^(GS)  and  lei^^2et\ES)  for  Cr^*^.  A  second  relation 
is  given  by  the  eigenvalue  difference  between  le  and  aj  down  (Ni^O  or  up  (Cr^O  spin  levels. 
A  covalency  degree  of  0.997  between  le  and  2e  orbitals  provides  the  third  equation.  Spin 
orbit  coupling  constant  S3J  are  calculated  from  relativistic  MS  LSD  calculations  on  CrO^~^ 
and  NiOg”'^  clusters;  the  B  and  C  parameters  are  calculated  from  MS  LSD  results  for  Cr^^ 
and  taken  from  reference  3  for  Ni^"^.  Electrostatic  matrix  calculations  are  performed  in  the 
intermediate  CF  scheme. 


3  RESULTS  AND  DISCUSSIONS 

Calculated  term  energies  are  reported  in  table  1  for  Ni^''  and  table  2  for  Cr^"".  The  extreme 
values  are  reported  for  each  band.  Available  experimental  results  are  given  too.  For  Ni^"", 
it  exist  a  quite  good  agreement  between  LCGTO  and  experimental  terms.  For  the  two  sites 
(cubic  2a  and  antiprism  4f)  of  LMA,  the  Dq  values  are  very  close  and  only  terms  relevant 
to  the  4f  site  are  supplied.  Ni^*^  appears  to  substitute  the  Li  site  with  a  relaxation  along  the 
c  axis  in  LiNb03.  There  exists  a  relative  agreement  between  calculated  and  observed 
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TABLE  II 

Optical  data  (cm'')  for  Cr’*  in  MgO,  LMA,  LiNbOj.  (B  =  800  cm-',  C  =  2986  cm'',  =  300cm-',  %  is  the 

reference  level,  a:this  work). 


Crystal 

MgO^ 

LMA(4f)^ 

LMA(2a)“ 

LMA' 

LiNb03(Nb)^ 

LiNb03(Li)'‘ 

LiNbOj’ 

Parameter  sets 

Dq 

1297 

1744 

1863 

1878 

1145 

1530 

Do- 

0 

293 

269 

453 

375 

Dt 

0 

-68 

-94 

-183 

-55 

Optical  spectra 

% 

12856 

17386 

18156 

17094 

18009 

11007 

15314 

13039 

17732 

18411 

18250 

11441 

'E 

14634 

14687 

14727 

14407(4f) 

14677 

14460 

13822 

14702 

14727 

14512(2a) 

14690 

14504 

13780 

'T, 

15304 

15335 

15353 

14870 

15232 

15021 

15440 

15603 

15624 

15666 

15418 

'T, 

19693 

25054 

25833 

23923 

25434 

17295 

20853 

20037 

25697 

26612 

26891 

18306 

absorption  bands  in  LMA:Cr^^  and  the  3d  ion  does  not  seem  to  perturb  appreciably  the 
local  structure  around  the  2a  or  4f  sites.  The  case  of  LiNbOjtCr^*  is  less  obvious.  Indeed, 
three  Cr  sites  have  been  evidenced  by  their  R  lines  LiNbOjiCr^'''  and  LiNbOjiMgiCr^*, 
ascribed  to  Nb,  Li  and  a  new  site  (see  ref.  9  and  references  herein).  The  present  calculations 
at  relaxed  Nb  or  Li  sites  do  not  give  a  correct  agreement  between  observed  and  calculated 
spectra.  Dq  CF  strength  is  overestimated  for  Nb  site  while  the  Li  one  is  underestimated. 
Taking  into  account  that  LCGTO  calculations  appear  reliable  in  the  other  cases,  it  is  think 
that  the  chromium  ions  doping  LiNbOj,  affect  the  immediate  oxygen  octahedron,  which 
contracts  in  the  Nb  neighbourhood  and  dilates  in  the  Li  case  due  to  charge  effects. 
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The  Si(001)/SiO2  (tridymite)  interface  has  been  simulated  using  a  Monte-Carlo  method.  It  has  been  shown  that 
in  this  way  reasonable  values  of  angles  and  interatomic  distances  are  obtained.  The  oxygen  defect  formation 
energy  dependence  with  different  vacancy  sites  has  been  studied.  Because  of  coulombic  interactions,  the 
formation  of  vacancies  is  much  easier  in  the  vicinity  of  the  interface. 

Key  words:  Monte-Carlo,  interface,  silicon,  oxidation,  vacancy. 


1  INTRODUCTION. 

The  Si/Si02  interface  has  been  widely  studied  for  several  years  because  of  its  role  in  MOS 
technology.^  We  have  recently  built  a  model^  able  to  reproduce  the  essential  features  of  the 
Si(100)/SiO2  interface.  Let  the  major  assumptions  of  the  model  be  recalled: 

— Following  the  analysis  of  Ourmazd  et  al^  and  of  Ohdomari  et  af ,  a  tridymite  layer 
has  been  considered  to  describe  the  silica  side. 

— A  classical  simulation  of  the  Si(001)/SiO2  interface  using  a  monte  carlo  procedure 
has  been  used. 

— Different  semi-empirical  potentials  have  been  used:  The  many  body  potential  proposed 
by  Tersoff^  which  has  been  fitted  to  a  large  number  of  silicon  polytypes  and  adjusted  to 
reproduce  the  elastic  properties  of  silicon  is  probably  the  best  potential  to  use  for  Si.  This 
potential  has  advantages  for  the  problem  here,  since  the  silicon  coordination  (pentagonal 
ring  in  the  initial  step)  at  the  interface  is  unlikely  to  be  perfect  throughout.  Because  the 
interfacial  stresses,  the  choice  of  the  Strixrude^  covalent  potential  to  simulate  the  interactions 
crossing  the  Si/Si02  interface  seems  reasonable.  It  behaves  well  under  pressure  and  predicts 
the  quartz/coesite  transition.  This  potential  has  another  interesting  feature:  It  exits  in  two 
versions:  One  without  electrostatic  interaction  and  one  with  explicit  electrostatic 
interactions.  Of  course,  the  parameters  are  not  the  same.  In  this  way,  it  possible  to  use  this 
potential  for  thin  interface  regions,  which  would  be  more  problematic  for  more  sophisticated 
potentials  incorporating  electrostatic  interactions. 

— 1800  atoms  have  been  allowed  to  relax. 

— An  infinite  sample  of  silicon  has  been  considered  but  only  three  ranges  of  Si02 
tetrahedron  have  been  considered.  In  other  words,  we  consider  a  free  surface  of  silica  with 
H  atoms  to  keep  the  sample  electrically  neutral. 

The  aim  of  the  present  work  is  to  compare  results  concerning  the  defect  formation  energy 
of  various  oxygen  vacancy  sites  in  silica  near  the  interface.  It  has  been  known  for  some 
time’  that  these  vacancies  play  an  essential  role  in  the  oxidation  of  silicon.  Such  studies 
may  be  found  for  pure  silica  (see  for  instance  the  study  of  Sulimov*  et  al  but  are  scarce 
for  the  interface. 


179 


180 


S.  CARNIATO  ETAl. 


2  THEORETICAL  BACKGROUND 

The  structural  model  draws  schematically  in  Figure  1  has  been  proposed  by  Ourmazd  et 
aL^  Lattice  spacings  of  tridymite  are  compressed  to  match  those  of  the  Si  substrate.  The 
orientational  relationship  between  the  Si  substrate  and  the  tridymite  satisfied  the  following 


HEIGHTS 


Layers 

(n^) 


23.390 

22.132 

20.875 

19.617 

18.360 

17.102 

15.845 

14.587 

12.195 

10.840 

9.485 

8.130 

6.775 

5.420 

4.065 

2,710 

1.355 

0.000 


Side  View  in  [001] 

FIGURE  1  Atomic  arrangement  in  the  epitaxial  tridymite  grown  over  the  (001 )  Si  before  relaxation:  side  view. 
Large  and  small  full  circles  represent  Si  and  O  atoms,  respectively.  Numbers  on  the  left  (right)  vertical  axis 
denote  heights  (A)  from  the  bottom  of  the  Si  substrate.  Layers  are  numbered  on  the  right  vertical  axis. 
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conditions:  the  tridimyte  lies  with  the  [001]  lattice  vector  parallel  to  the  interface  and  the 
[110]  direction  in  the  silicon  and  the  [010]  direction  p^allel  to  the  [001]  direction  of  the 
silicon.  The  Si  surface  lattice  vector  1/2[110]  is  3.8  A  while  the  parallel  (compressed) 
tridymite  lattice  vector  [001]  is  7.6  A  in  length.  Each  substrate  silicon  atom  at  the  interface 
bonds  to  one  oxygen  atom  presented  by  the  tridymite,  and  half  the  interfacial  Si  dangling 
bonds  are  considered  to  be  saturated  by  Si-Si  dimerization.  Five  membered  silicon  rings 
are  so  needed  to  connect  the  two  phases  because  of  the  topology  of  the  coordination,  which 
help  to  spread  the  stress  over  a  wider  volume.  In  its  simplest  form,  this  atomically  abrupt 
interface  model  discussed  so  far  give  only  Si"^  as  intermediate  oxidation  states.  Only  one 
of  the  two  broken  bonds  of  the  Si  surface  atom  is  connected  to  Si02.  The  other  is  presumed 
either  to  pair  up  with  a  neighbouring  Si  atom  like  in  a  2*1  structure,  like  on  a  clean  (100) 
surface,  or  also  be  saturated  by  forming  Si-O-Si  bridges. 

The  cell  used  in  this  simulation  is  five  lattice  parameters  (38.83  A)  long  in  [100]  and 
[010]  directions  of  the  silicon,  which  allows  to  handle  100  atoms  per  plane.  The  sample 
was  made  semi-infinite  in  the  [100]  and  [010]  directions  by  imposing  periodic  boundary 
conditions.  Different  radius  cutoff  have  been  used:  Following  Tersoff^  it  has  been  fixed 
at  3.0  A  for  the  silicon  bulk,  3.50  A  for  the  Si-Si  distance  in  silica,  1.85 A  for  Si-0  (the 
largest  distance  found  in  the  literature),  2.90  A  for  0-0.  The  coulomb  cutoff  sum  for  each 
ion  is  truncated  outside  a  sphere  of  side  equal  to  half  box  length  and  centered  on  the  ion. 
For  spherical  truncation,  the  truncated  potential  is  given  by 

Uij  (r)  =  Uij(r)  -  Uij(R,,,)  for  r  < 

=  0  for  r  >  R^^,^ 

That  is  the  potential  is  truncated  to  zero  beyond  a  certain  cutoff  distance  R^^t  and  is  shifted 
for  distances  shorter  than  R^^t-  Then,  coulomb  energy  is  decreased  uniformely  so  that 
coulomb  energy  is  equal  to  zero  at  cutoff  distance,  to  avoid  a  charge  collapse  around  the 
spherical  cutoff.  This  procedure  has  been  shown  to  be  acceptable  as  long  as  large  enough 
cells  are  used  and  if  electrostatic  interactions  are  not  too  large^.  The  coulombic  charges  on 
Si  atoms  are  directly  determined  from  the  oxidation  state  (0  to  4+),  or  in  other  words,  to 
the  number  of  oxygen  atoms  bonding  to  a  Si  atom.  One  keep  in  mind  that  these  symbols 
refer  to  the  oxidation  state,  not  the  actual  charge  transfer,  because  Si02  is  not  completely 
ionic  system.  For  oxygen  atoms,  eventuality  of  one  threefold  overcoordinated  oxygen  O3 
is  suggested,  and  so  the  charge  2+  is  equally  distributed  over  the  Si  neighbours,  by  preserving 
the  charge  neutrality  of  the  system. 

In  order  to  ensure  equilibrium,  simulation  has  been  performed  at  2000  Kelvin.  The 
amplitude  of  the  displacement  is  chosen  such  that  the  ratio  of  accepted  moves  is  about  40%. 
In  order  to  ensure  that  equilibrium  400000  iteration  steps  have  been  performed. 

At  the  end  or  the  simulation,  the  system  has  been  slowly  cooled  down  up  to  1600  K.  An 
oxygen  atom  was  removed  at  two  different  types  of  oxygen  sites  and  formation  energy 
defect  have  been  calculated. 


3  RESULTS  AND  DISCUSSION 

In  Table  I  we  have  reported  the  altitudes  of  all  the  layers  in  the  initial  configuration  such 
as  defined  in  the  previous  section  before  allowing  random  displacements  but  after  a  collective 
motion  of  the  planes  aimed  to  get  the  109.47°  angle  for  Si02  tetrahedrons.  This  is  obtained 
by  a  compression  of  silica.  The  ‘initial’  atomic  configuration  in  the  near  interface  region 
has  been  compared  with  the  values  of  the  ‘frozen’  model.  The  average  d(Si-O)  in  silica  is 
about  1.38  A,  i,  e.  much  lower  than  that  for  crystalline  Si02  which  is  about  1.62  A.  So  it 
is  not  unexpected  that  these  distances  increase  strongly  during  the  simulation. 
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TABLE  I 


Altitudes,  average  nearest  Si-0  (0-Si)  distances  and  distribution  of  Si  (0)  atoms  in  terms  of  the  number  of  their 
neighbouring  oxygen  (silicon)  atoms  before  relaxation. 


Layer 

n° 

Initial 

Altitude(A) 

Nearest 

neighbouring  distances  (A) 

%Si“ 

%Si' 

%Si- 

%Si’ 

%Si‘' 

Angle 

Si-O, 

Si-O. 

Si-03 

Si-04 

10 

12.35 

3.56 

5.06 

5.10 

5.26 

100.0 

0.0 

0.0 

0.0 

0.0 

— 

11 

14.78 

1.22 

3.17 

3.30 

3.40 

0.0 

100.0 

0.0 

0.0 

0.0 

— 

13 

17.02 

1.38 

1.38 

1.38 

1.48 

0.0 

0.0 

0.0 

0.0 

100.0 

109.47 

15 

19.27 

1.38 

1.38 

1.38 

1.48 

0.0 

0.0 

0.0 

0.0 

100.0 

109.47 

17 

21.52 

1.38 

1.38 

1.38 

1.48 

0.0 

0.0 

0.0 

0.0 

100.0 

109.47 

O-Si, 

O-Si^ 

0-Si3 

%0' 

%0' 

%0' 

12 

15.90 

1.22 

1.38 

3.46 

0.0 

100.0 

0.0 

159.00 

13 

17.02 

1.42 

1.42 

3.23 

0.0 

100.0 

0.0 

180.00 

14 

18.15 

1.38 

1.38 

3.40 

0.0 

100.0 

0.0 

180.00 

15 

19.27 

1.42 

1.42 

3.50 

0.0 

100.0 

0.0 

180.00 

16 

20.40 

1.38 

1.38 

3.46 

0.0 

100.0 

0.0 

180.00 

17 

21.52 

1.42 

1.42 

3.50 

0.0 

100.0 

0.0 

180.00 

18 

22.64 

1.42 

1.42 

3.50 

100.0 

0.0 

0.0 

— 

After  400  000  iteration  steps,  the  average  O-Si-0  angles  are  about  109°  which  is  close 
to  that  for  bulk  Si02.  The  presence  of  the  five  membered  silicon  ring  configuration  after 
relaxation  is  direct  evidence  that  the  crystallinity  in  the  vicinity  of  the  interface  is  quite 
kept.  The  Si-0~Si  angles  are  about  143°  for  the  O  atoms  near  the  interface  and  137°  for 
the  O  atoms  near  the  surface.  For  the  Si-O-Si,  the  former  is  close  to,  but  the  latter  is  much 
smaller  to  the  one  generally  observed  in  the  bulk  of  144°-150°.  The  rather  close  calculated 
value  obtained  for  the  Si-O-Si  angles  near  the  interface  shows  the  important  role  of  the 
large  amount  of  free  volume  in  the  interfacial  region  in  the  unrelaxed  structure  which  acts 
as  a  buffer  during  the  simulation  and  help  to  relieve  the  stresses  at  the  interface.  Nevertheless 
this  free  volume  does  never  disappear.  The  system  manage  to  reach  Si-O  distances  of 
about  1.60  A. 

In  the  vicinity  of  silicon  (site  1  on  Figure  1)  the  vacency  formation  energy  at  1600 
Kelvin  is  only  9  ev  while  this  value  is  increased  to  13  ev  for  oxygen  sites  far  from  silicon 
(site  2  on  Figure  1).  This  effect  is  not  observed  if  the  purely  covalent  version  of  the 
Stixrude  potential  is  used.  This  author  has  found  that  both  potentials  provide  similar 
resultsfor  phase  stability.  In  the  present  case,  a  significant  difference  has  been  found  for 
the  study  of  interfaces.  In  our  opinion,  the  electrostatic  interactions  play  a  major  role 
in  the  understanding  of  defect  formation.  A  study  of  the  role  of  image  charges  is 
under  way. 

It  is  noteworthy  that  the  Si-Si  distance  strongly  increases  (from  3.01  A  to  3.15  A).  This 
behaviour  typical  from  ionic  compounds  has  been  experimentally  observed  in  some  non- 
stoichiometric  oxides.*^ 
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WHY  IS  lODq  SO  USEFUL  FOR  MEASURING 
CHANGES  OF  THE  IMPURITY-LIGAND  DISTANCE? 


M.  T.  BARRIUSO,#  J.  A.  ARAMBURU*  and  M.  MORENO* 

*DCI7TYM.  Facultad  de  Ciencias.  Universidad  de  Cantabria.  39005  Santander,  Spain; 
'^Dpto.  Fi'sica  Moderna.  Facultad  de  Ciencias.  Universidad  de  Cantabria.  39005 

Santander y  Spain 

The  microscopic  origin  of  the  strong  dependence  displayed  by  the  cubic  field  splitting  parameter,  lODq,  on  the 
metal-ligand  distance  in  transition  metal  complexes  is  explored  within  a  realistic  molecular  orbital  framework. 
Taking  as  a  guide  the  case  of  the  CrFg^”Oh  complex  it  is  shown  that  though  the  admixture  of  2s(F“)  orbitals  in 
the  antibonding  eg  *(~  3z^  -  r^;  x^  -  y^)  orbital  is  very  small  [(NgAs)^  =  5%]  it  is  the  main  responsible  of  the 
law  lODq  oc  R“"  with  n  close  to  five.  By  contrast  the  admixture  of  2p(F“)  orbitals  though  more  important 
[(NeAp<^)^  =  16%]  is  shown  to  be  no  relevant  as  regards  the  R  dependence  of  lODq.  Thus  this  analysis 
demonstrates  that  the  R  dependence  of  lODq  is  ultimately  related  to  that  displayed  by  the  isotropic  superhyperfine 
constant  for  Oh  complexes  with  unpaired  (j-electrons. 

Key  words:  Impurity  levels;  Ligand  field;  CrFg^“;  Xa  method;  Extended  Hiickel  method. 


1  E^^TRODUCTION 

The  cubic  field  splitting  parameter,  lODq,  is  a  fundamental  quantity  for  understanding  the 
optical  properties  associated  to  d-impurities  placed  in  insulator  lattices.  Apart  from 
determining  the  number  and  positions  of  the  so  called  d  ^  d  transitions  it  has  been  shown 
that  lODq  is  very  sensitive  to  changes  of  the  metal-ligand  distance,  R,  lODq  being 
proportional  to  R“"  where  n  is  close  to  five.^“^  This  important  property  has  been  used  to 
measure  the  variations  of  the  metal-ligand  distance  R  induced  by  hydrostatic  or  chemical 
pressures  applied  upon  the  transition  metal  complex  embedded  in  a  host  lattice.^ 
Furthermore,  the  dependence  of  lODq  upon  R  greatly  determines  the  Huang-Rhys  factor 
S(aig)  and  the  corresponding  contribution  to  the  Stokes  shift  [called  AEs(aig)]  associated 
to  the  symmetric  mode  of  the  complex. 

Having  in  mind  all  these  facts  the  microscopic  origin  of  the  significant  dependence  of 
lODq  upon  R  appears  as  an  attractive  point  deserving  investigation.  In  fact,  though  the 
well  known  crystal-field  scheme  gives  n  =  5  this  has  to  be  viewed  as  a  fortuitous 
circumstance  because  crystal-field  theory  produces  lODq  values  much  smaller  than 
experimental  ones. 

Within  a  Molecular  Orbital  (MO)  description^  of  the  MX6  complex  (M  =  d  —  ion, 
X  =  ligand)  lODq  is  related  to  the  different  chemical  bonding  existing  for 
eg*(~  x^  —  y^;3z^  -  r^)  and  t2g*(^  xy;xz;yz)  electrons.  To  be  more  specific,  the 
wavefunctions  for  the  antibonding  |eg*>  and  |t2g*>  orbitals  can  be  briefly  written  as 

l^g  ^  ^e{\d{€g)  >  —XpcrlXpa  ^  “"^sIXs 

1^25  ^  >  ”^p7r|Xp7r  >} 

Here  \xpcT>  and  |xs>  are*  suitable  LCAOs  involving  the  nLP^  and  nLS  valence  orbitals  of 
ligands.  In  the  case  of  |t2g*^  ^  d-orbital  like  |  d(xy)  >  cannot  be  mixed  with  any  LCAO 
involving  nLS  orbitals  of  ligands.  Therefore,  within  this  view  lODq  is  related  to  the 
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FIGURE  1  R  dependence  of  lODq  for  the  CrF^^  complex,  derived  from  MS-Xa  and  SCCEH  methods  in 
normal  and  restricted  calculations. 


quantities  [(NgApcr)^  —  (NtApyr)^]  and  (NeAg)^  which  also  appear  in  the  microscopic 
interpretation  of  the  superhyperfine  tensor. 

liie  main  goal  of  this  work  is  to  show  that  though  (NgAp^)^  ::!>  (NgAs)^  for  halide 
ligands  the  R  dependence  displayed  by  lODq  is  related  to  the  strong  dependence  of 
(NgAs)^  upon  R.  Such  a  dependence  is  in  turn  reflected  by  the  isotropic  superhyperfine 
constant,  As,  provided  there  are  unpaired  cr-electrons  in  the  ground  state.^ 

For  clarifying  these  ideas  we  have  taken  the  CrF^'Oh  complex  as  a  guide  and 
performed  electronic  structure  calculations  as  a  function  of  R  using  two  different  MO 
methods:  the  Self-Consistent  Charge  Extended  Hiickel  (SCCEH)^’^  and  the  Multiple 
Scattering  Xa  (MS-Xa).*^’^  Furthermore  for  both  methods  we  have  carried  out  two  types 
of  calculations.  In  a  normal  calculation  the  valence  2s  and  2p  orbitals  for  F“  have  been 
included,  as  usually,  within  the  basis  set  while  in  the  so-called  restricted  calculation  the  2s 
orbitals  of  F“  have  been  suppressed  from  the  basis  set  and  thus  As  =  0. 

For  analysing  the  R  dependence  of  any  quantity,  Q,  in  the  neighbourhood  of 
Rc  =  I’M  H-  rx  (where  rM  and  rx  are  the  ionic  radii  of  metal  and  ligand,  respectively)  we 
have  written 


Q(R)  =  AR-"^  (1) 

In  particular  the  exponents  corresponding  to  lODq,  (NgAp^)^,  (NtApT,-)^  and  (NgAs)^ 
(denoted  as  n,  n^^,  and  ns,  respectively)  have  been  derived  from  the  calculations. 
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2  RESULTS  AND  DISCUSSION 

The  main  results  of  the  calculations  are  depicted  in  Figure  1  and  Table  I.  It  can  be  seen  that 
in  a  normal  calculation  both  MS-Xa  and  SCCEH  methods  lead  to  lODq  a  in  the 
vicinity  of  Rc  =  1.9  A.  The  SCCEH  (n  =  5.5)  and  MS-Xa  (n  =  4.8)  values  are  not  far 
from  n  =  4.6  estimated  by  Dolan  et  al.^  The  suppression  of  the  2s(F")  orbitals  in  both 
calculations  gives  rise  however  to  the  destruction  of  the  strong  dependence  of  lODq  upon 
R.  Even  in  the  case  of  the  restricted  MS-Xa  calculation,  the  exponent  n  becomes  negative. 
At  the  same  time  the  suppression  of  2s (F")  orbitals  decreases  the  lODq  value  itself  for  a 
given  distance.  By  contrast  other  quantities  like  (NgAp^)^,  (HAp^r)^,  the  value  of  charge 
transfer  transitions  and  their  R  dependence  are  practically  unaffected.  Therefore,  the 
present  results  demonstrate  that  the  2s(F“)  admixture  in  the  wavefunction  of  |eg*>  though 
very  small  [(NeAs)^  =  5%]  is  microscopically  responsible  for  the  law  lODq  oc  R“”  (n 
being  close  to  five)  observed  experimentally  for  CrF^^"  as  well  as  for  other  complexes  in 
ionic  lattices.  Theoretical  results  similar  to  die  present  one  are  reached  for  other  complexes 
involving  cations  like  Mn^+,Ni'^,etc. 


Table  I 

Calculated  values  of  lODq  (in  (NgAs)^,  (NeAp^)^  and  (NtAp^r)^  (in  %)  for  CrFg^'  at  R  =  191  pm  in  normal 

and  restricted  (excluding  2s  ligand  orbitals  calculations).  Writing  lODq  oc  R“”,  (NgAs)^  a  R”"^  , 
(NgAp^)^  oc  R""-^  and  (NtAp;r)^  oc  R“"''  the  exponent  n,  ns,  n^  and  n,r  are  also  given.  First  and  second  rows  report 


MS-Xq;  and  SCCEH  results,  respectively. 

Normal 

Restricted 

lODq 

15310 

4680 

15480 

3830 

n 

4.81 

-6.66 

5.51 

-1.44 

(NeAs)' 

7.18 

_ 

4.60 

- 

ns 

5.43 

_ 

7.00 

(NeAp^)2 

17.89 

19.01 

15.51 

17.89 

n. 

-0.53 

-1.50 

-0.85 

-0.60 

(N.Ap,)2 

9.49 

9.86 

11.82 

11.69 

Utt 

1.53 

1.35 

0.49 

0.85 

An  explanation  of  the  present  conclusion  which  is  certainly  amazing  is  given  in  Ref.  11. 
For  an  ionic  system  lODq  can  be  approximately  written,  following  the  perturbation 
scheme  by  Lowdin*^  as  follows: 


lODq  =  (£d  -  ep)[(NeAp^)^  -  (N.Ap,)']  +  {s^  -  £s)(NeAs)'  (3) 

where  and  Ss  are  the  energies  associated  to  3d,  2p  and  2s  levels  before  chemical 
bonding  is  taken  into  account.  As  for  CrF^^"  ed  -  =  7  eV  and  sa  -  =  22  eV  the 
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contribution  arising  from  the  2s  quasi-core  levels  can  be  as  important  as  that  from  the  2p 
levels.  Furthermore,  eq.  (3)  points  out  that  the  R  dependence  of  lODq  is  in  fact  related  to 
the  very  strong  R  dependence  of  (NeAs)^  which  is  experimentally  well  observed  for  Oh 
complexes  involving  Mn^+  or  Fe^"^  as  well  as  for  D4h  systems  involving  d^  ions^. 
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THE  JAHN-TELLER  EFFECT  IN  THE  EXCITED 
STATES  OF  MnFg^-  AND  CrF/"  COMPLEXES 
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Santander,  Spain 

The  coupling  coefficient,  Ve,  with  the  Jahn-Teller  mode,  Eg,  for  the  first  excitations  of  MnFg'^”  and  CrF^^” 
complexes  has  been  investigated  through  Molecular  Orbital  calculations  for  different  values  of  the  tetragonal 
coordinate.  The  present  analysis  reveals  that  the  stable  geometry  for  the  first  excited  state  of  MnFg'^“(  Ti)  and 
CrF/“('^T2)  is  that  of  an  elongated  and  compressed  octahedron  respectively.  The  calculated  values  for  MuF^"^”  at 
the  equilibrium  distance  (R  =  212  pm)  of  RbMnFs  are  close  to  the  experimental  value  Ve  =  65  cm“  Vpm.  As  a 
salient  feature  it  is  shown  that  Ve  oc  R“P  (p  being  close  to  six)  and  thus  it  exhibits  the  same  dependence  as  the 
coupling  coefficient,  Va,  with  the  symmetric  mode.  Finally,  the  present  analysis  predicts  an  increase  of  the  Stokes 
shift  upon  increasing  R  provided  the  Gruneisen  constant  is  higher  than  two.  It  thus  explains  recent  experimental 
data  on  Mn^"^ -doped  fluoroperovskites. 

Key  words:  Jahn-Teller  effect;  MnFg"^";  CrF^^";  Xa  calculations;  Extended  Huckel  calculations. 


1  INTRODUCTION 

The  first  excited  state  of  luminescent  cations  (like  or  Mn^"^)  in  Oh  symmetry  is  a 

triplet  state.  Thus  optical  parameters  (like  the  Stokes  shift,  Huang-Rhys  factors  or 
bandwidth)  associated  to  the  first  transition  are  mainly  determined  by  the  coupling  to  the 
Jahn-Teller  mode  Eg  as  well  as  to  the  symmetric  mode  Aig.  The  effective  hamiltonian 
describing  the  linear  electron-phonon  coupling  within  the  orbital  triplet  state  (measured 
with  respect  to  the  ground  state)  can  simply  be  written  as  follows* 

Heff  =  VaQaI  +  VE(r,Q,  +  r,Q,)  (1) 

where  I  is  the  3  x  3  identity  matrix,  Va  and  Ve  the  electron-fonon  coupling  coefficients 
for  Aig  and  Eg  modes,  respectively,  and  and  are  given  by 


/1/2 

0 

0  \ 

/-^/3/2 

0 

o\ 

0 

1/2  0 

r.=  0 

\/3/2 

0 

(2) 

V  0 

0 

-1/ 

V  0 

0 

0 

If  R  is  the  metal-ligand  distance  for  an  Oh  symmetiy  a  value  Qo  ^0  depicts  an 
instantaneous  tetragonal  symmetry  giving  rise  to  two  different  distances,  called  Rax  and 
Req,  such  as  (Rax  +  2Req)  =  3R  and  =  -(12)'/^(Req  -  R). 

An  understanding  of  tbe  associated  Huang-Rhys  factors,  Sa  and  Se,  the  Stokes  shift, 
AEs,  and  their  dependence  upon  hydrostatic  and  chemical  pressures  thus  requires  to 
investigate  about  the  microscopic  origin  of  Ve  and  Va  and  their  dependence  upon  the 
metal-ligand  distance  R.  As  regards  Va  it  has  been  shown^  that  it  is  essentially  determined 
by  dlODq/dR  as  the  Racah  parameters  B  and  C,  for  a  system  like  MnE^"^",  are  nearly 
independent  upon  R.^ 

TJie  present  work  is  devoted  to  explore  the  microscopic  origin  of  Ve,  taking  as  a  guide 
the  cases  of  the  MnF^"*"  and  CrF^^"  complexes.  Main  goals  of  the  present  work  are  the 
following: 
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1)  To  relate  Ve  to  the  energy  changes  undergone  by  the  one-electron  levels  produced  by  a 
tetragonal  distortion  depicted  by  Q^. 

2)  To  calculate  Ve  and  Se  for  MnFg"^"  and  CrF^^~  using  Molecular  Orbital  (MO) 
methods  and  to  compare  it  to  available  experimental  results. 

3)  To  explore  the  dependence  of  Ve  and  Se  upon  R.  This  point  is  particularly  attractive  as 
recent  results'^  on  the  Stokes  shift  for  Mn^’^ -doped  fluoroperovskites  reveal  that  AEs 
increases  upon  increasing  R,  AEs  being  proportional  to  R~^-^. 

For  achieving  all  these  goals  we  have  performed  MS-Xa  and  Self-Consistent  Charge 
Extended  Huckel  (SCCEH)  calculations  for  different  values  of  the  coordinate  and  also 
of  R  in  order  to  derive  Ve(R). 


2  RESULTS 

The  ground  state  wavefunction  of  the  MnFg"^-  complex  can  be  briefly  written  as^ 

I^A]  >=  |xy  xz  yz  Sz^—r^  x^— y^|  (3) 

where  an  spin-orbital  like  \xy>  actually  means  a  MO  transforming  like  xy  with  spin  up. 
When  0  an  instantaneous  tetragonal  distortion  occurs  and  "^Ti  state  gives  rise  to  a 
singlet  state  C^Ti(z))  and  to  a  doublet  state  [^Ti  (x);'^Ti(y)].  The  expression  for  the  wave 
function  |^Ti(z)>  is  given  by^ 

I^Ti(z)  >  |xy  xy  xz  yz  3z^-r^\  (4) 

thus,  taking  into  account  eq.  (1),  Ve  is  just  given  by 

Ve  =  ~~{d/dQe)[s{xy)  -  e(x^  -  y^)]  (5) 

which  in  view  of  the  center  of  the  gravity  theorem  can  be  expressed  as  follows 

Ve  =  (l/2)(a/aQ,)[Ae  -  (4/3)At]  (6) 

where  Ag  =  e{x^  —  y^)  —  e{3z^  —  r^)  and  At  =  <s(xy)  —  ^(xz)  are  the  splittings  produced 
by  the  tetragonal  distortion  upon  eg  and  t2g  one-electron  levels,  respectively. 

In  the  case  of  the  '^T2  state  of  d^  ions  in  Oh  symmetry  a  similar  treatment  to  the 
preceding  one  can  be  carried  out,  the  results  being 

Ve  =  -(a/aQ,)[(l/2)Ae  -  (2/3)At]  (7) 

Therefore,  as  normally  At  <  Ag  and  Ag>0  when  Q(9>0,  it  appears  that  Ve  would 
be  positive  for  the  "^Ti  state  of  MnFg"^"  but  negative  for  the  '^T2  state  of  CrF^^".  In  other 
words,  the  equilibrium  situations  for  both  cases  would  correspond  to  an  elongated  and 
compressed  octahedra,  respectively. 

As  regards  the  ^Tj  state  of  MnFg"^”  Table  I  collects  the  numerical  values  of  Ve 
calculated  for  different  Mn^'^-F~  distances,  R.  It  is  worth  noting  that  the  SCCEH  value 
(Ve  =  61.6  cm”Vpm)  and  the  MS-Xa  one  (Ve  =  46.2  cm”Vpm)  calculated  for 
R  =  213  pm  are  not  far  from  Ve  =  65.5  cm“Vpm  measured  in  RbMnFs  and 
Ve  =  52  cm“Vpm  calculated  by  Nikiforov  et  al?  At  variance  with  these  results  we  have 
verified  that  for  this  case  crystal-field  theory  leads  to  Ve  =  12  cm“Vpm.  This  important 
underestimation  is  very  similar  to  that  undergone  by  Va. 
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A  salient  feature  emerging  from  Table  I  concerns  the  dependence  of  Ve  upon  R.  Both 
calculations  support  that  in  the  vicinity  of  Rq  =  213  pm,  Ve  =  K  R“”^  where  re  =  5.9 
and  6.5  from  SCCEH  and  MS-Xa  calculations,  respectively.  Therefore,  both  calculations 
indicate  that  for  MnF^"^"  Va  and  Ve  exhibit  the  same  dependence  upon  R.  This  has 
important  consequences  on  the  R  dependence  followed  by  the  Stokes  shift,  AEg.  At  high 
temperatures  (where  the  influence  of  odd  phonon  absorption  and  emission  processes  upon 
AEs  is  not  important)  AEg  can  be  written  as 

AEs  =  AEs(A)  +  AEg(E) 

AEs(A)  =  (l/2ML)(VA/a;A)'  (8) 

AEs(E)  =  (l/2ML)(VE/a;E)^ 

where  Ml  is  the  ligand  mass.  Therefore,  if  both  Va  and  Ve  are  proportional  to  R“P  and 
assume  that  the  two  stretching  frequencies  uj\  and  loe  follow  the  Gruneisen  law 

Aij/u;  =  -37(AR/R)  (9) 

with  the  same  7  coefficient,  then  AEg  will  be  proportional 


Table  I 

Calculated  values  (in  cm“Vpm)  of  the  coupling  coefficients  Ve  and  Va  between  the  "^Ti  electronic  state  and  the 
Eg  and  Aig  modes,  respectively,  corresponding  to  the  MnFg"^"  complex,  for  three  values  of  the  metal-ligand 
distance  R  (in  pm).  First  and  second  rows  report  MX-Xa  and  SCCEH  results,  respectively.  Assuming 
|Va|  oc  R“”*  and  |Ve|  oc  R“"^  it  is  found  Oa  =  6.3,  nn  =  5.9  from  MS-Xa  values  and  nA  =  7.0,  Oe  =  6.1  from 

SCCEH  ones. 


R 

Va 

Ve 

206 

-89 

57.4 

-108 

75.2 

213 

-70 

46.2 

-85 

61.6 

220 

-59 

39.0 

-68 

50.2 

As  the  7  value  calculated  for  the  ground  state  of  MnF^^”  and  VF/“  are  equal  to^’^ 
7  =  2.3  and  2.9,  respectively,  it  can  expected  that  AEg  in  MnF/~  increases  upon 
increasing  R  as  it  is  observed  indeed."^  More  precisely  if  p  =  5.7  as  measured 
experimentally'^  for  Va  the  dependence  AEg  a  R^  ^  observed  experimentally  would  be 
compatible  with  7  =  2.8  which  is  a  reasonable  figure. 

In  the  case  of  CrF^^"  the  calculated  values  for  R  =  191  pm  are  equal  to 
Ve  =  — 107  cm“Vpm  and  —  130cm“Vpm  for  MS-Xa  and  SCEEH  calculations, 
respectively.  Such  values  of  |Ve|  are  smaller  than  the  corresponding  |Va|  values  (140 
and  182  cm“Vpm,  respectively).  The  contribution  AEs(E)  to  the  Stokes  shift  is  calculated 
to  be  equal  to  950  cm“^  and  1360  cm~^  from  MS-Xa  and  SCEEH  values,  respectively, 
using  hujE  =  468  cm"^  measured^  in  Rb2KGaF6:Cr^'^.  The  present  values  (which  are  to  be 
compared  with  AEs(E)  =  930  cm” ^  calculated  by  Woods  et  ai^  for  K2NaScF6:Cr^'^) 
stress  that  AEs(E)  is  about  40%  of  the  experimental^  Stokes  shift  AEg  =  2650  cm”^ 
which  is  thus  dominated  by  AEs(A). 

It  is  worth  noting  that  the  present  SCEEH  and  MS-Xa  calculations  both  give  rise  to 


192 


J.  A.  ARAMBURU  ET  AL. 


reasonable  figures  for  the  first  F"  Cr^+  charge  transfer  transition  of  CrF^^"  observed^^ 
at  8. 0-8. 7  eV  for  the  Na3ln2Li3Fi2:Cr^"*‘  system,  while  the  ab  initio  results  by  Woods 
et  ai^  place  the  mainly  ligand  levels  above  the  mainly  d-levels.  This  point  likely  related 
to  an  underestimation  of  the  electronic  affinity  of  F“  is  discussed  in  Ref.  11. 


Table  H 

Idem  than  Table  I,  for  the  CrFg^“  complex.  Then,  it  is  found  Ua  =  5.4,  n^  =  5.1  from  the  MS-Xq  values  and 
nA  =  6.6,  He  =6.6  from  the  SCCEH  ones. 


R 

Va 

Ve 

185 

-166 

-120 

-225 

-160 

191 

-140 

-107 

-182 

-130 

195 

-125 

-91 

-159 

-113 
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ENERGETICS  OF  THE  RbF  +  CaF^  RbCaF3  SOLID 
STATE  REACTION:  A  FIRST-PRINCIPLES  STUDY 
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In  this  contribution,  we  report  the  preliminary  results  of  a  theoretical  calculation  of  relevant  thermodynamic 
magnitudes  involved  in  the  RbF+CaF2  -A  RbCaF3  solid  state  reaction.  We  combine  pairwise  and  quantum- 
mechanical  simulations  to  determine  the  static  equations  of  state  for  the  three  crystals  involved  in  this 
heterogeneous  reaction.  Then,  we  compute  the  standard  enthalpy  and  volume  of  the  reaction  (AH°,  AV°)  and  the 
dependence  of  AH  and  AV  with  pressure.  Finally,  the  influence  of  crystal  polymorphism  in  these  magnitudes  is 
examined. 

Key  words:  solid-solid  reaction,  ab  initio  calculation,  interionic  potentials,  RbF,  CaF2,  RbCaF3. 


1  INTRODUCTION 

The  continuous  development  of  efficient  and  accurate  simulation  techniques  able  to 
investigate  the  response  of  solid  materials  at  different  pressure  (p)  and  temperature  (7) 
conditions  bring  us  the  opportunity  of  carrying  out  theoretical  studies  covering  the 
thermodynamic  and  kinetic  aspects  of  solid-solid  reactions.  For  instance,  such  investigations 
have  been  already  performed  to  explore  the  chemical  equilibrium  of  the  cation  distributions 
in  simple  spinels'  or  the  mechanism  of  structural  solid-solid  phase  transitions.^ 

It  is  our  aim  in  this  contribution  to  analyze  the  influence  of  several  polymorphs  in  the 
thermodynamics  of  a  simple  solid  state  reaction,  the  formation  of  the  RbCaFj  perovskite 
from  CaFj  and  RbF.  Specifically,  our  work  is  directed  to  determine  the  volume  and  enthalpy 
of  the  reaction  and  their  change  with  hydrostatic  pressure. 


2  SIMULATION  TECHNIQUES 

Our  first-principles  approach  combines  quantum-mechanical  ab  initio  Perturbed  Ion  (aiPI) 
calculations,^  and  pairwise  simulations  (PAIRPOT).''  The  aiPI  method  involves  ion-in- 
the-lattice  Hartree-Fock-Roothaan  calculations  using  high  quality  STOs  basis  sets.  The 
correlation  energy  is  estimated  by  means  of  the  dementi’s  Coulomb-Hartree-Fockmethod. 
Besides,  the  aiPI  method  provides  a  partition  of  the  total  energy  into  ionic  and  interionic 
contributions,  which  is  used  to  generate  crystal-adapted  pair  potentials.  These  potentials 
are  introduced  in  the  PAIRPOT  code  to  compute  the  0  K  molar  Gibbs  energy  of  a  given 
lattice.  In  this  way,  PAIRPOT  is  used  as  a  helping  tool  for  the  more  time  consuming 
quantum-mechanical  aiPI  calculations. 


3  THE  RbF,  CaFj,  AND  RbCaF,  CRYSTALS 

The  equilibrium  lattice  parameters  (ae),  bulk  moduli  (Bq),  and  cohesive  energies  (£,„,)  for 
RbF  in  the  cubic  B1  and  B2  phases,  CaFj  in  the  cubic  (Cl)  and  orthorhombic  (C23)  phases. 
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TABLE  I 

Cohesive  properties  for  the  crystalline  polymorphs  studied  in  this  work.  First  row  aiPI  results. 
Second  row  experimental  data. 


RbF(Bl) 

RbF(B2) 

CaF2(Cl) 

CaF2(C23) 

RbCaF3 

ae(A) 

5.518 

3.299 

5.445 

7.015,5.859,  3.540 

4.493 

5.63 

5.444 

7.15,5.63,3.49 

4.4484 

Bo(GPa) 

24.25 

34 

82 

83 

46 

26.7-30.1 

84.7-90.2 

50.4 

Ejatt 

-192.5 

-193.2 

-631.6 

-629.5 

-820.3 

(kcal/mol) 

-188.7 

-626.7 

and  RbCaF3,  in  the  cubic  (perovskite)  phase  are  collected  in  Table  I.  Our  calculations  show 
that  at  0  7  and  p  the  B2  phase  of  RbF  is  the  most  stable  polymorph,  whereas  for  CaF2  is 
the  Cl  phase.  Nevertheless,  as  the  C23  structure  has  also  been  shown  to  exist  metastable 
at  ambient  conditions  in  the  laboratory,^  we  will  also  report  results  using  this  polymorph 
as  a  reactive.  The  overall  comparison  with  the  experimental  data  is  very  satisfactory  and 
pro  vides  a  reliable  starting  point  to  infer  thermodynamic  properties  for  the  formation  reaction 
ofRbCaF3 

Concerning  the  equation  of  state  (EOS)  of  the  reactants,  the  usual  V/Vq  versus  p  diagram 
is  plotted  in  Figure  1 .  It  is  observed  that  the  hardness  of  the  crystalline  polymorphs  decrease 


V/Vo 


FIGURE  1 


Equations  of  state  for  RbF(B2),  CaF2(Cl),  CaF2(C23)  and  RbCaF,  (perovskite). 


RbF  +  CaFj  ^  RbCaF, 
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following  the  sequence  CaF2(C23)  =  CaFjCCl)  >  RbCaF,  >  RbF(B2),  in  concordance  with 
the  corresponding  values  for 


4  THE  RbF  +  CaFj  ^  RbCaFj  REACTION 

From  the  tabulated  data  above,  we  have  computed  the  standard  enthalpy  and  volume 
(AH°,  AV°)  of  this  solid  state  reaction.  In  the  case  of  CaFj  (Cl),  AH°  =  4.45  kcal/mol 
and  AV°  =  14.45  A^  whereas  if  the  CaF2(C23)  is  involved,  we  obtain  AH°  =  2.39  kcal/mol 
and  AV°  =  18.43  A^  It  is  generally  assumed  that  for  solid-solid  reactions  AG°(298  K)  = 
AH°(298  K)  =  AH°(0  K).  We  therefore  conclude  that,  according  to  our  calculations,  this 
reaction  is  not  thermodynamically  favoured  at  ambient  conditions. 

We  have  also  explored  the  pressure  variation  of  AH  (see  Figure  2)  and  AV  depending 
whether  CaFj  is  in  the  C 1  or  in  C23  phase.  Ay(p)  curves  are  continuous  decreasing  functions 
with  similar  slopes  for  the  two  polymorphs.  Concerning  AH(p)  curves,  they  are  increasing 
functions  of  p,  and  show  a  crossing  point  at  about  4  GPa,  which  is  the  predicted  pressure 
for  the  Cl  C23  transition  in  CaF2 

Financial  support  from  the  Spanish  DGICYT,  Projects  Nos.  PB90—795  andPB93-0327, 
is  gratefully  acknowledged. 


AH  (kcal/mol) 


FIGURE  2  Pressure  dependence  of  AH  for  the  RbF(B2)  +  CaF2(Cl,C23)  RbCaFj  reaction. 
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EFFECTS  OF  A  QUANTUM  CRYSTAL  POTENTIAL 
ON  THE  DERIVATION  OF  ELECTRON  GAS 
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Taking  the  NaCl  crystal  as  a  test  example,  we  analyze  the  performance  of  the  Electron  Gas  model  of  Gordon 
and  Kim  with  ionic  electron  densities  obtained  from  the  localized  quantum-mechanical  descriptions  of  the  ions 
embedded  in  a  quantum  crystal  potential.  We  also  rationalize  the  potential  answers  of  rigid  and  relaxed 
interionic  potentials  in  terms  of  the  charge  densities  used  in  their  derivation. 

Key  words:  Localized  quantum  mechanical  methods,  electron  gas  model,  interionic  potentials,  ionic  crystals. 


1  INTRODUCTION 

One  of  the  best  known  methods  of  generating  interatomic  potentials  (IP’s)  is  the  Electron 
Gas  Model  (EGM)  of  Gordon  and  Kim/  This  model  computes  the  IP’s  using  density 
functionals  of  the  ionic  electron  densities  (lED’s).  Although  these  lED’s  can  be 
approximated  by  their  gas-phase  values,  improved  versions  of  the  method  include  an 
approximated  crystal  potential  (CP)  in  the  ionic  calculation.  However,  as  far  as  we  know, 
no  attempt  has  been  made  up  to  date  to  develop  EGM  IP’ s  from  quantum  mechanical  (QM) 
crystalline  lED’s  that  were  self-consistent  with  the  crystal  potential  they  generate.  It  is  our 
aim  in  this  work  to  investigate  this  issue  in  a  particular  test  example:  the  NaCl  crystal. 


2  QUANTUM  MECHANICAL  DESCRIPTIONS  OF  THE  lED’S 

To  obtain  the  QM  descriptions  of  the  ions,  we  have  used  the  ab  initio  Perturbed  Ion  (aiFl) 
model,  that  is  described  elsewere.^"^  The  minimization  of  the  total  crystal  energy  required 
by  this  localized  Hartree-Fock  approach  provides  a  set  of  crystal-like  atomic  wavefunctions 
that  respond  self-consistently  to  the  nearly  exact  crystal  potential.  This  potential  (QM  in 
the  following)  includes  the  Madelung  contribution,  a  coulombic  correction  due  to  the  non- 
punctual  character  of  the  ions,  a  non-local  exchange  potential,  and  a  projection  operator 
that  tends  to  procure  the  atom-crystal  orthogonality.  We  have  also  performed  calculations 
using  other  three  CP’s,  labelled  Class,  Watson,  and  Local.  The  Class  and  Local  CP’s  are 
formed  only  by  the  point  charge  part  and  the  local  part  (point  charge  plus  coulombic 
repulsion)  of  the  most  accurate  QMCP,  respectively,  and  the  Watson  CP,  that  is  the  crudest 
one,  corresponds  to  approximate  the  Class  CP  by  a  Watson  sphere. 

In  Figure  1  we  plot  the  ionic  radius  for  Na"^  and  CT  versus  the  lattice  parameter  a  of  the 
NaCl  crystal  (B1  phase)  as  computed  with  the  four  different  crystalline  models.  The  Na^ 
ionic  radius  hardly  suffers  any  change  with  a  and  is  always  essentially  equal  to  the  free- 
ion  value,  regardless  the  CP  used.  On  the  contrary,  the  CL  ionic  radius  is  highly  dependent 
on  the  CP.  The  QM  CP  yields  a  contraction  of  the  anionic  lED  that  is  much  greater  than 
the  obtained  with  the  Class  and  Watson  CP’s.  On  the  contrary,  the  Local  CP  turns  to  yield 
a  pronounced  expansion  of  the  Cl"  lED. 


197 


198 


E.  FRANCISCO  ET AL. 


FIGURE  1  Radii  of  the  spheres  containing  99%  of  the  electron  density  of  Na*^  and  CF  versus  the  lattice 
parameter  a  in  NaCl  (B1  phase).  Symbols  stand  for  the  following  crystal  potentials:  Class  (plus),  Watson 
(diamonds).  Local  (squares),  and  QM  (crosses  (CF)  and  triangles  (Na*")).  Free  ion  values  are  indicated  by  an 
asterisk  (CF)  and  a  doted  diamond  (Na'"). 


The  effect  of  the  four  crystal  models  on  the  lED’s  can  also  be  quantitatively  measured 
by  means  of  the  self  energy  of  the  Cl”  ion  plotted  in  Figure  2.  The  Class  model  yields 
values  that  are  very  small  and  slightly  increase  when  a  decreases.  The  Watson  CP  emphasizes 
again  the  effect  of  the  Class  CP,  whereas  the  Local  CP  gives  values  of  F^j^^that  increase 
very  sharply  with  decreasing  a’ s.  Finally,  the  QM  CP  produces  values  of  much  greater 
than  the  two  point  charge  crystal  models. 


3  RESULTS  IN  THE  TEST  EXAMPLE  AND  CONCLUSIONS 

Once  the  lED’s  are  available,  the  pairwise  part  of  the  IP’s  is  computed  by  the  usual 
expressions  of  the  EGM.^  Along  with  these  pairwise  interionic  energies,  a  term  containing 
the  self-energy  of  the  ions  as  a  function  of  a  has  been  taken  into  account  to  confer  a  relaxed 
attribute  to  the  IP’s. 

We  have  computed  the  equilibrium  lattice  parameter  a^,  the  cohesive  energy  Ecoh(aJ 
and  the  equation  of  state  (EOS)  of  the  NaCl  crystal  using  three  types  of  crystal  consistent 
IP’s  (CCIP’s),  labeled  CCIP(p'),  CCIP(pO,  and  CCIP(p).  The  CCIP’s  (p')  and  CCIP’s  (pO 
are  rigid  and  use  as  frozen  lED’s  the  free  ion  and  the  a/PI  equilibrium  geometry  (a^  = 
10.58  bohr)  solutions,  respectively.  Contrarily,  the  CCIP’5  (p)  are  relaxed,  as  the  lED’s 
used  in  their  derivation  are  the  different  aiPl  solutions  corresponding  to  different  crystal 
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a  (bohr) 

FIGURE  2  Self-energy  of  Cl"  versus  the  lattice  parameter  a  according  to  several  crystal  potential  models. 
The  energy  of  the  free  ion  is  taken  as  zero. 


geometries.  Our  results  are  gathered  in  Table  I.  From  the  analysis  of  these  and  other  data 
not  presented  here  we  conclude  that  the  pairwise  repulsive  interactions  computed  with 
the  energy  density  functionals  are  overestimated  with  respect  to  the  QM  result  provided 
by  the  aiPl  method.  In  Section  2  we  remarked  that  the  many-body  energy  was 
underestimated  in  the  Class  and  Watson  calculations  with  respect  to  the  QM  result.  This 
opposite  behaviour  is  a  plausible  explanation  to  some  of  the  good  results  previously 
obtained  within  the  EGM  approach. 

Our  main  conclusions  are:  1)  Only  a  precise  description  of  the  quantum  contributions 
to  the  crystal  potential  can  account  for  the  global  contraction  of  the  anionic  lED  and  the 
increase  of  its  self  energy  upon  crystal  formation.  2)  The  change  of  these  two  properties 


TABLE  I 

Static  properties  of  NaCl  (B1  phase)  at  zero  temperature  and  pressure  obtained  in  several  calculations. 


ae(bohr) 

-E,oh(kcal/mol) 

Bo(GPa) 

Bo 

CCIP(p“) 

11.33 

173.2 

23.3 

5.61 

CCIP(pO 

10.72 

186.1 

30.5 

5.56 

CCIP(p) 

11.06 

185.5 

26.2 

4.55 

aiPl 

10.58 

189.6 

28.9 

4,75 

Other  EGM  results 

10.65,  10.66 

184.0,  183.8 

29.0, 28.1 

— 

Exptal. 

10.66 

185.3 

28.5 

4.88 
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with  a  is  captured  to  a  small  fraction  of  its  total  value  with  a  classical  lattice.  3)  There  exists 
an  overestimation  of  the  pairwise  repulsive  energy  as  calculated  with  the  EGM.  A 
cancellation  effect  may  appear  if  we  combine  these  pairwise  interactions  with  deformation 
energies  of  lED’s  computed  using  approximate  CP’s. 

Financial  support  from  the  Spanish  Direccion  General  de  Investigacion  Cientifica  y 
Tecnologica  (DGICYT),  Projects  Nos.  PB90-795  and  PB93-0327,  is  acknowledged. 
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It  is  preliminary  reported  how  the  consideration  of  the  topology  of  the  electronic  density  of  B 1  and  B2  phases  of 
alkali  halides,  obtained  via  quantum  mechanical  simulation,  makes  it  possible  to  connect  the  stability  or 
metastability  of  the  lattices  with  geometrical  factors.  The  latter  turn  out  to  validate  the  classical  ionic  model  and 
some  of  the  most  controversial  critics  posed  against  it  over  the  years. 

Key  words:  Localized  Quantum  Mechanical  Methods,  Atoms  in  Molecules,  Ionic  Crystals,  Phase  Transitions. 


1  INTRODUCTION 

A  very  wide  theoretical  framework  has  been  recently  proposed^  for  the  ab  initio 
investigation  of  the  mechanism  of  the  pressure  induced  B1‘B2  transition.  In  that  work, 
restricted  to  alkali  halides  but  with  results  of  otherwise  general  applicability,  we  showed 
how  if  a  continuous  path  on  a  high  dimensional  space  connecting  the  two  phases  is 
assumed,  it  is  possible  to  construct  a  hierarchy  of  models  of  increasing  complexity  and 
precision  for  the  study  of  the  static  and  dynamic  features  of  the  phase  transition  process. 
As  a  result  of  this  investigation,  a  clear  picture  of  the  extreme  role  that  symmetry  plays  in 
the  establishment  of  the  topology  of  the  energetic  hypersurface  both  at  the  B1  and  B2 
configurations  and  along  the  transition  path  has  emerged.  It  was  also  conjectured  there 
about  the  interest  of  examining  the  connection  between  the  topologies  of  the  energy 
surface  and  of  the  electronic  density  according  to  Bader’s  theory.^  It  is  the  purpose  of  this 
work  to  briefly  show,  for  the  first  time  in  a  solid  material,  that  the  relation  actually  exists 
and  that,  in  this  way,  it  is  possible  to  recover  the  empirical  ionic  model. 


2  METHOD  AND  MODELING 

In  order  to  obtain  the  ab  initio  energetic  and  electronic  density  surfaces  we  have  employed 
the  ab  initio  perturbed  ion  method,^  a  first  principles  approach  for  the  elucidation  of  the 
electronic  structure  of  weakly  overlapping  solids.  Based  upon  the  Theory  of  Electronic 
Separability,"^  it  solves  the  Hartree-Fock  equations  of  the  crystal  in  a  localized  Fock  space. 
As  a  result  of  the  procedure,  local  and  global  properties  are  obtained  from  which  it  is  easy 
to  recover  both  energetic  and  electronic  quantities.  Its  main  advantages  over  other 
available  schemes  lie  on  its  computational  flexibility  and  speed.  In  this  way,  it  is  made 
feasible  to  examine  multidimensional  energy  hypersurfaces  in  a  workable  amount  of 
computer  time.  As  for  the  modeling  of  the  phase  transition  is  concerned,  and  following  the 
considerations  found  in  Ref.  1,  a  suitable  set  of  variables  defining  the  transition 
configuration  space  is  formed  by  the  rhombohedral  cell  angle,  a,  and  lattice  spacing,  a,  of 
the  primitive  B1  and  B2  crystallographic  cells.  These  endpoint  structures  are  constrained 
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to  a  =  60°  and  a  =  90°,  respectively.  The  transition  paths  are  then  obtained  by 
constructing  the  minimum  Gibbs  potential  paths  connecting  the  B1  and  B2  points.  After 
the  analysis  of  their  properties,  an  appropriate  reaction  coordinate  is  found  to  be  the  a 
angle.  The  complete  characterization  of  the  topology  of  the  electronic  density  along  the 
transition  path  is  in  progress  and  will  be  presented  elsewhere. 


3  STABILITY  AND  ELECTRONIC  DENSITY  TOPOLOGY 

In  the  study  of  the  properties  of  the  Gibbs  transition  path  in  the  series  of  the  alkali  halides, 
we  have  found  three  different  topologies  in  the  zero  pressure  energy  profiles  at  the  B1  and 
B2  configurations:  a  maximum  (M),  a  minimum  (m),  and  a  quasi  saddle  situation  (s). 
Table  I  shows  this  information.^ 


Table  I 

Energetic  topological  properties  of  the  20  alkali  halides  at  the  B 1  and  B2  theoretical  equilibrium  configurations. 
Each  system  is  labelled  with  a  two  character  code  plus,  possibly,  a  star.  The  first  two  characters  refer  to  the  B 1  and 
B2  phases,  respectively,  ‘m*,  ‘M’  and  ‘s’  stand  for  minimum,  maximum  and  saddle  (see  text).  The  star  implies  a 
system  that  is  more  stable  in  the  B2  phase  than  in  the  B1  one. 


F 

Cl 

Br 

I 

Li 

mM 

mM 

mM 

mM 

Na 

mm 

ms 

ms 

mM 

K 

mm 

mm 

mm 

ms 

Rb 

mm* 

mm* 

mm* 

mm 

Cs 

mm* 

mm* 

mm* 

mm* 

One  of  the  most  important  outcomes  associated  to  this  fact^  is  the  discovery  of  a  direct 
relation  between  the  topology  of  the  energetic  surface  at  the  endpoint  configurations  and 
the  fulfilment  of  a  number  of  interphase  universal  relations  among  thermodynamic  and 
kinetic  magnitudes:  the  alkali  halides  can  be  separated  into  different  classes  composed  by 
systems  described  by  two  equal  symbols  in  Table  1.  Only  those  crystals  belonging  to  the 
same  class  show  universal  relations.  For  the  joint  consideration  of  these  facts  together  with 
the  electronic  density  structure,  the  location  of  the  critical  points  of  the  latter  becomes 
essential.  Let  us  remind  the  reader,  that  in  a  molecular  (solid)  system,  the  properties  of 
these  points  are  directly  coupled  to  the  nature  of  bonding  through  Bader’s  analysis.  Only 
three  non-degenerated  critical  points,  excluding  the  positions  of  the  nuclei,  have  been 
found  in  the  ionic  materials  so  far  investigated:  the  bond  point  (3,-1),  displays  two 
orthogonal  directions  in  which  the  electronic  density  is  a  maximum  plus  other  in  which  it 
is  a  minimum;  the  ring  point  (3,  +1),  with  two  minima  and  one  maximum  directions;  and 
the  cage  point  (3,3),  a  threefold  local  minimum.  Many  of  the  critical  points  have  been 
found  to  be  symmetry  dependent  and  to  follow  nicely  our  intuitive  knowledge  on  the 
formation  of  molecular  rings  and  cage  clusters.  Some  surprises  have  arisen,  nevertheless. 
As  an  example,  and  as  the  B 1  phases  are  concerned,  the  coordination  indexes  change  from 
6-18  (cation-anion)  to  18-6  as  the  cation  gets  larger,  showing  the  great  importance  of 
second  neighbor  cation-cation  bonding  in  the  stabilization  of  the  B2  phase.  If  topological 
radii  are  defined  (as  distances  between  the  nucleus  of  interest  and  its  first  neighbor  bond 
points),  geometrical  inference  recovers  its  lost  place  in  the  theory  of  ionic  solids.  Another 
interesting  example,  a  crystal  stable  in  the  B1  phase  becomes  metastable  or  even  more 
stable  in  the  B2  structure  when  the  classical  ionic  radii  ratio,  written  in  terms  of  topological 
radii,  gets  greater  than  the  classical  packing  ratio,  0.732.  When  the  ratio  is  smaller  than  that 
value,  the  anion  must  distort  from  sphericity  in  order  to  accommodate  itself  into  the  lattice. 
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That  requires  a  great  energetic  demand  in  the  case  of  small,  hard  repulsive  cations. 

We  have  also  found  that  only  the  R2  phase  of  CsF  may  be  considered  as  a  lattice  of 
cations  whose  holes  are  filled  by  anions.  In  all  the  other  crystals,  second  neighbor  anion 
interactions  contribute  with  a  bond  critical  point  or,  in  the  less  favourable  systems,  with  a 
ring  critical  point  to  the  bond  graph. 

Another  topic  that  has  been  many  times  pointed  out  over  the  years  (see  Ref.  6)  evince 
that,  in  some  sense,  it  is  the  heavy  cations  group  of  the  alkali  halides  the  one  which  shows 
a  typical  hard  sphere,  point  charge  interaction  behavior.  This  enforces  the  view  that  the 
cations  are  the  main  responsibles  for  repulsive  interactions.  Our  calculations  reveal  that  in 
the  very  heavy  systems,  like  Csl,  with  a  large,  classically  polarizable  cation,  there  is  not  an 
important  energetic  cost  in  the  distortion  of  the  electronic  density  from  the  spherical 
geometry.  In  this  way,  the  electrons  fill  quite  comfortably  empty  lattice  positions, 
transforming  the  ion  into  something  more  similar  to  a  sticky  sphere  than  to  a  hard  core. 
The  very  slight  distortion  of  the  electronic  cloud  that  is  usually  needed  to  satisfy  the 
geometric  constraints  of  the  crystal  in  these  cases  are,  then,  satisfied  at  very  low  energetic 
cost.  As  a  demonstration  of  these  statements,  we  will  only  show  here,  for  brevity,  the 
evolution  of  the  ratio  of  the  lattice  parameters  of  the  B1  and  B2  phases  with  the  system 
investigated.  It  is  very  easy  to  find  ±at,  assuming  only  point  charge  interactions  between 
constant  radii  spheres,  the  B2  phase  becomes  more  stable  than  the  B1  one  when 
^52 0-8236,  and  that  both  lattices  have  identical  nearest  neighbor  distances  when 
~  \/2/3  rsj  0.816.  We  can  see  from  Table  11  that  the  ideal  situation  is  almost 
exclusively  exhibited  by  the  cesium  salts. 


Table  II 

for  the  20  alkali  halides  at  their  theoretically  computed  equilibrium  geometries. 


F 

Cl 

Br 

I 

Li 

0,878 

R0.893 

0.889 

0.887 

Na 

0,840 

0.868 

0.861 

0.866 

K 

0.853 

0.845 

0.845 

0.853 

Rb 

0.854 

0.833 

0.831 

0.839 

Cs 

0,824 

0.827 

0.834 

0.831 
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We  present  some  characteristic  properties  of  the  ground  state  of  a  two-level  system  linearly  coupled  to  a  phonon 
field.  Such  properties  are  valid  over  the  whole  range  of  the  parameters  appearing  in  the  Hamiltonian  of  the  system. 
The  knowledge  of  these  exact  results  provides  a  physical  basis  for  an  accurate  variational  determination  of  the 
ground  state.  A  physical  picture  of  the  self-trapping  transition  is  discussed  in  terms  of  particle-field  correlations. 
Our  treatment  is  based  on  operator  methods  combining  symmetry  considerations  with  some  general  properties  of 
the  lowest  energy  state. 

Key  words’,  ground  state,  tunnelling  particle,  self-trapping  transition. 

The  Hamiltonian  model 

N  N 

H  ^  hijJia}ai  +  +  +  l/2hujQaz  {!) 

i=i 

plays  a  fundamental  role  to  understand  the  physics  of  a  wide  variety  of  phenomena.  In 
condensed  matter  physics  it  is  known  as  spin-boson  model. ^  In  cavity  quantum 
electrodynamics  it  represents  a  generalization  of  the  Jaynes-Cummings  model.^  Generally 
speaking,  we  may  say  that  the  Hamiltonian  model  (1)  offers  a  good  conceptual  starting 
point  to  simulate  the  effects  of  the  environment  on  the  dynamics  of  a  ‘small  object’.*’^  In 
this  paper  we  present  some  characteristic  properties  of  the  ground  state  of  a  tunnelling 
particle  linearly  coupled  to  a  phonon  field.  Our  approach  exploits  appropriate  operator 
techniques  combining  symmetry  arguments  with  general  properties  of  the  lowest  energy 
state.  It  is  possible  to  verify"^  that  the  canonical  transformation  which  changes  the  sign  of 
Qi,  cTx,  CTy,  leaving  cjz  unmodified,  is  a  symmetry  transformation  of  H.  This  fact  makes 
legitimate  the  classification  of  its  eigenstates  according  to  the  eigenvalues  -|-1  and  -1  of  the 
excitation  number  parity  operator  G.  This  implies  the  possibility  of  obtaining  an  exact 
decoupling  of  the  localized  degrees  of  freedom  from  those  relative  to  the  field.  Our  first 
result  is  a  rigorous  proof  that,  for  any  N  and  without  any  restriction  on  the  coupling 
regime,  there  always  exists  a  ground  state  of  (1)  which  is  also  an  eigenstate  of  G  with 
eigenvalue  +1.  In  addition  we  may  show  that  the  lowest  energy  eigenvalue  is  a 
monotonically  decreasing  negative  function  of  the  coupling  strength.  Let’s  denote  by  |g)  a 
ground  state  of  H.  We  may  prove  that  over  the  whole  range  of  the  characteristic  parameters 
appearing  in  the  Hamiltonian  and  for  any  N,  results  (g|o*z|g)  <  0  and  (g|(o;i-hai^)(Tx|g)  <  0. 
The  physical  meaning  of  the  first  inequality  is  self-evident.  To  appreciate  the  physical 
content  of  the  second  inequality  we  note  that  the  operator  ai+ai^  is  proportional  to  the 
operator  associated  with  the  elastic  force  acting  on  the  i-th  oscillator.  Considering  the 
expression  of  its  acceleration  operator  we  may  furthermore  deduce  that  <Jx  is  proportional 
to  the  operator  associated  to  the  force  that  the  two-level  system  exerts  on  ^e  same 
oscillator.  Thus  we  may  interpreter  the  second  inequality  saying  that  in  the  ground  state  the 
two  forces  on  a  given  oscillator  are  strongly  correlated  and  have  opposite  directions.  Using 
a  technique  yielding  to  other  exact  relations  among  the  quantum  covariances  of 
appropriate  operators,  some  interesting  aspects  of  the  mode-mode  and  spin-field 
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FIGURE  1  Representation  of  the  physical  quantities  indicated  as  functions  of  the  adimensional  coupling 
strength  elhw  and  for  a;o  =  2a;. 
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FIGURE  2  Representation  of  the  physical  quantities  indicated  as  functions  of  the  adimensional  coupling 
strength  e/huj  and  for  ujq  =  2uj. 
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correlations  are  also  investigated.  The  knowledge  of  these  exact  results  provides  a  physical 
basis  for  an  accurate  variational  determination  of  the  ground  state.  For  N  =  1  we  introduce 
the  following  set  of  normalized  trial  states  containing  7  and  77  as  real  variational 
parameters: 

I  <^(7,  ’?))  =  exp[z  7r/2  {a,,  -  l)a^a]  exp[7/2(Qt2  _  exp[7?(Qt  -  a)]  i  0  ;  -)  (2) 

We  are  able  to  solve  the  variational  problem  showing  that  the  ground  state  differs  from  the 
exact  one  for  perturbative  contributions.  This  circumstance  makes  legitimate  the 
calculation  of  the  mean  value  of  operators  other  than  the  Hamiltonian.  Our  results  are 
represented  in  Figure  (1)  as  functions  of  the  coupling  strength  and  for  Uq  =  2a;.  The  ‘self¬ 
trapping  transitions’  curve  gives  the  variation  of  the  mean  value  of  ctz  with  e/Huj.  This  plot 
exhibits  a  drastic  but  continuous  change  in  an  interval  of  values  of  e/huj  which  may  be 
considered  conceptually  coincident  with  the  region  of  intermediate  coupling.  In  the  same 
range,  the  variance  of  the  interaction  energy  in  units  of  and  the  covariance  between  a 
and  cTz  display  a  simultaneous  maximum.  A  possible  physical  meaning  of  such  a  behaviour 
is  that  the  two  subsystems  manifest,  in  the  intermediate  coupling  region,  a  relatively  larger 
ability  of  influencing  one  another.  Thus  the  covariance  between  the  time  derivatives  of 
their  respective  generalized  coordinates  should  reach  a  maximum  for  the  same  value  of  the 
coupling  strength.  The  negative  of  the  covariance  between  the  operators  i(a^-a)  and  ay, 
proportional  to  the  respective  ‘velocity’  operators,  represented  in  Figure  (1),  yields  a 
confirmation  of  this  ‘dynamical’  point  of  view.  This  curve,  in  fact,  shows  a  minimum  in 
the  region  of  intermediate  coupling,  followed  once  more  by  a  rapid  variation.  Grasping  the 
common  features  of  the  four  plots,  we  suggest  the  following  physical  picture  for  the 
passage  between  the  two  extreme  coupling  regimes.  The  transition  from  the  weak  coupling 
condition  to  the  strong  coupling  regime  is  characterized  by  the  onset  of  a  competition 
between  two  different  types  of  atom-field  correlations.  In  fact,  when  the  covariance 
between  the  two  adimensional  velocities  is  comparable  with  the  covariance  between  the 
two  coordinates  (see  Figure  (2)),  a  high  nonlinear  feedback  appears.  Such  effect  reduces 
the  tunnelling  parameter  of  the  particle  quenching,  therefore,  the  mutual  ‘dynamical’ 
influence  between  the  subsystems.  This  point  of  view  provides  a  new  characterization  of 
the  ‘equilibrium’  conditions  existing  in  the  lowest  energy  state  of  a  tunnelling  particle 
coupled  to  its  environment  under  intermediate  coupling  conditions.  We  have  extended  our 
approach  to  the  multimode  case  (N  >  1)  reaching  qualitatively  similar  physical  conclusions. 
We  point  out  that  the  ideas  presented  in  this  paper  can  be  applied  to  a  wide  variety  of 
problems  and,  in  particular,  to  paraelectric  and  paraelastic  systems.^ 
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Single-crystal  fibers  of  Bi,2SiO20  and  Bi,2TiO20  up  to  90  mm  in  length  with  diameters  of  200-1200  pm  have 
been  pulled  along  the  <00 1>  and  <01 1>  crystallographic  axis  by  the  LHPG  method.  The  powder  X-ray 
diffraction  and  the  electron-probe  microanalysis  have  been  used  for  characterization  of  the  as-grown  fibers. 
Microstructure  of  the  sillenite  fibres  has  been  studied  by  the  chemical  etching  method.  The  dislocations, 
inclusions  and  striations  have  been  found  to  be  the  main  imperfections  in  the  as-grown  fibers.  The  dislocation 
density  has  been  estimated  on  the  ground  of  the  etching  pits  using  optical  and  electronic  microscopy  and 
compared  with  that  evaluated  by  the  Tsivinskii’s  relation.  The  conditions  of  formation  of  microdefects  are 
discussed  in  relation  with  the  growth  conditions,  morphology  and  chemical  composition  of  the  as-grown 
fibers. 

Key  words:  single-crystal  fibers,  microstructure,  Bii2Si02o,  Bii2TiO20‘ 


1  INTRODUCTION 

Sillenites  (Bii2Ge02o,  Bi,2Si02o,  Bii2TiO20,  etc.)  are  perspective  materials  in  optical 
information  processing.^  Single-crystal  fibers  of  sillenites  have  many  advantages  over  bulk 
crystals,  however,  they  should  meet  the  higher  requirements  of  structural  perfection  because 
the  existence  of  the  various  defects  causes  the  optical  losses  and  decreases  the  damage 
threshold,  limiting  the  practical  applications  of  the  as-grown  fibers.  In  this  report  we  present 
first  results  of  the  studies  of  microstructure  of  the  sillenite  fibers  grown  by  the  Laser-Heated 
Pedestal  Growth  (LHPG)  method. 


2  EXPERIMENTAL 

The  single-crystal  fibers  of  Bii2Si02o  and  Bii2Ti02o  with  diameters  of  200-1200  pm 
have  been  pulled  along  the  <00 1>  and  <01 1>  crystallographic  axis  from  the  previ¬ 
ously  grown  single  crystal  source  rods  of  BSO  and  BTO  by  the  LHPG  method.^  The 
powder  X-ray  diffraction  and  the  electron-probe  microanalysis  have  been  used  for 
characterization  of  the  as- grown  fibers.  The  microstructure  of  the  sillenite  fibers  has 
been  studied  by  the  chemical  etching  method.  The  natural  facets  of  BSO  and  BTO 
fibers  and  the  faces  cut  perpendicular  to  the  pulling  axis  have  been  etched  in  1  min 
at  20®C  in  IM  solution  of  bromine  (Br2)  in  ethanol  C2H5OH.  The  dislocation  density 
has  been  estimated  on  the  ground  of  the  etching  pits  using  optical  and  electronic 
microscopy. 
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3  DISCUSSION 

The  stable  growth  of  the  fiber  with  a  constant  diameter  requires  that  the  length  of  the  molten 
zone  (L),  the  meniscus  angle  {0)  and  the  laser  power  (Q)  be  kept  constant.^  The  thermal 
stresses  induced  by  very  high  temperature  gradients  are  the  main  source  of  dislocations  in 
the  fiber.  According/  the  density  of  dislocations  (N^),  calculated  in  terms  of  the  axial 
temperature  gradient,  dimensions  of  the  transverse  fiber  cross-section  and  the  elastic 
properties  of  the  material,  is  equal  to  about  1.10^  pits/cm^  This  value  is  in  a  good  agreement 
with  that  estimated  by  the  chemical  etching  method  (5.10^  pits/cm^). 

It  is  necessary  to  note  other  causes  of  the  formation  of  imperfections  in  the  fibers.  In  the 
calculations  of  the  temperature  gradients  we  assumed  that  a  growing  fiber  has  a  smooth, 
uniform  cylindrical  geometry.  However,  large  facets  were  present  in  all  sillenite  fibers 


FIGURE  I  Dislocation  etch-pit  pattern  of  the  BipTiO^o  single  crystal  fiber  near  the  natural  facet.  Pulling  axis 
<01 1>. 


FIGURE  2  Inclusions  of  the  foreign  phases  in  the  Bi,2Ti02n  fiber  pulled  along  <01 1>  axis. 
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pulled  along  both  <01 1>  and  <001>  crystallographic  axes.  These  facets  are  induced  to  the 
growth  anisotropy  and  are  also  the  source  of  additional  strains  and,  therefore,  dislocations. 
The  strains  due  to  the  facets  are  appreciable  compared  with  the  breaking  strain  of  the  BSO 
crystal.^  The  typical  pattern  of  etching  pits  near  the  natural  facet  of  a  BTO  fiber  pulled 
along  <0 1 1  >  axis  is  shown  in  Figure  1 .  Each  of  the  crystallographic  facets  requires  a  different 
meniscus  angle  for  diameter  stability.  Therefore,  the  careful  diameter  maintenance  in  the 
cause  of  the  faceting  fiber  growth  becomes  quite  difficult.  Any  instabilities  in  the  laser 
power  Q  as  well  as  in  the  pulling  V^and  feeding  V,  rates  produce  periodical  and/or  random 
fluctuations  in  the  growth  rate  and  the  fiber  diameter  and  consequently  are  also  the  cause 
of  the  formation  of  striations  and  other  additional  imperfections  in  the  fiber.  Figure  2  shows 
the  foreign  inclusions  in  the  end  part  of  BTO  fiber.  According  to  data  of  electron-probe 
microanalysis,  the  concentration  of  Bi203  in  these  inclusions  is  higher  than  in  defect-free 
regions  of  the  fiber.  Evaporation  of  bismuth  oxide  from  the  surface  of  the  molten  zone 
generates  the  formation  of  stoichiometric  defects  in  the  growing  fibers.  All  these  reasons 
must  be  considered  at  the  growth  of  sillenite  fibers  by  the  LHPG  method. 
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High  resolution  (0.05  cm"')  FTIR  spectroscopy  in  the  temperature  range  9-320  K  is  applied  to  study  the  OH  and 
OD  stretching  modes  in  BSO,  BGO,  BTO  and  mixed  BSO-BGO  sillenite  crystals.  A  model  is  proposed  for  the 
OH-defect  responsible  for  the  main  line.  The  anharmonic  effects  are  analyzed  in  the  framework  of  the  Morse 
mode!  and  compared  to  those  reported  for  OH-defects  in  insulating  materials.  The  temperature  dependence  of 
the  line  position  and  width  fits  to  a  weak  phonon  coupling  model  and  gives  the  frequency  of  the  coupled 
phonons. 
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1  INTRODUCTION 

Many  oxides,  as  BGO,  BSO,  and  BTO,  crystallize  in  the  b.  c.  c.  sillenite  structure  and  are 
described  by  the  general  formula  Bii2Me02o  (with  Me  =  Ge,  Si,  and  Ti),  The  photorefractive 
effect  exhibited  by  such  materials  makes  them  attractive  for  applications  in  the  field  of 
optoelectronics.*  Since  crystals  are  grown  in  air,  OH  is  expected  to  enter  the  matrix.  Moreover 
hydrogen  impurities  are  good  candidates  as  being  responsible  for  the  thermal  fixing  of  the 
holographic  gratings,*  as  in  the  case  of  LiNb03:  therefore  it  is  worthwhile  to  study  the 
properties  of  defects  induced  by  OH-impurities  in  sillenites.  High  resolution  (0.05  cm”*) 
FTIR  spectroscopy  in  the  temperature  range  9-320  K  was  used  to  show  that  the  narrow 
line  absorption  spectra,  monitored  in  the  wavenumber  ranges  3400-3600  cm”*  and 
2500-2600  cm”*,  in  as  grown  and  in  deuterated  samples  of  BGO,  BSO,  mixed 
a:BGO-(1-jc)BSO,  and  BTO  single  crystals,  are  due  to  the  stretching  modes  of  OH  and  OD 
impurities.  The  stretching  frequencies  were  analyzed  in  the  framework  of  the  Morse 
anharmonic  oscillator  and  the  results  were  compared  to  those  reported  for  OH-related  defects 
in  other  oxides  and  alkali  halides.^  The  temperature  dependence  of  the  line  position  and 
width  was  studied  in  order  to  determine  the  phonon  coupling  of  the  hydroxyl  ion. 


2  EXPERIMENTAL  DETAILS 

BSO,  BGO  and  mixed  BSO-BGO  crystals  were  grown  in  air  by  the  balance  controlled  Czochral- 
ski  method.  The  incongruently  melting  BTO  crystals  were  grown  from  solution  by  the  top 
seeding  technique  In  the  mixed  (l-x)  BSO-xBGO  crystals  the  nominal  fraction x  was  0.25, 
0.5,  and  0.75,  however  the  actual  fraction  in  the  crystal  was  different,  as  stressed  by  lattice 
constant  measurements^  and  chemical  analysis  performed  by  means  of  the  ICP  emission 
spectroscopy.  The  sample  thickness  was  in  the  range  0.4-40  mm.  The  isotopic  substitution 
of  H  with  D  was  obtained  by  heating  the  samples  at  --800  °C  in  dry  O2  flowing  through  D2O. 

The  optical  absorption  measurements  were  performed  by  means  of  1)  a  Bomem  DAS 
FTIR  spectrophotometer  in  the  range  7000-200  cm”*,  with  a  resolution  as  good  as 


213 


214 


P.  BENEVENTI ET  AL. 


0.04  cm~\  and  2)  a  Varian  2390  spectrophotometer  in  the  range  3300-5  x  10"^  cm  ^  The 
spectra  were  recorded  in  the  range  9-320  K,  by  assembling  the  sample  in  a  21  SC  model 
Cryodine  Cryocooler  of  CTI-Cryogenics. 


3  RESULTS  AND  DISCUSSION 

The  spectra  of  as  grown  BSO,  BGO,  and  BTO,  measured  at  9K  in  the  range 
3420-3520  cm~\  are  compared  in  Figure  1.  A  few  narrow  lines  appear  in  BGO  (curves  b 
and  c)  and  in  BTO  (curves  d  and  e),  while  only  one  in  BSO  (curve  a).  The  lines  broaden 
and  shift  towards  shorter  wavenumbers  by  increasing  the  temperature:  the  line  labeled  with 
M  in  Figure  1  (henceforward  defined  as  the  main  line)  exhibits  practically  the  same 
temperature  shift  in  the  three  different  matrices,  as  shown  in  Figure  2  (full  symbols).  The 
fact  that  the  lines  appear  in  a  wavenumber  range  typical  for  the  OH  stretching  and  the 
samples  are  grown  in  air  suggests  that  they  are  due  to  the  presence  of  OH.  Such  an  attribution 
is  supported  by  the  line  shift  to  the  region  2500-2600  cm“^  as  a  consequence  of  the  isotopic 
substitution  of  D  for  H.  The  line  position  in  deuterated  samples  is  that  expected  (within 
2  4-  3%)  on  the  basis  of  the  hydroxyl  reduced  mass  change.^  Moreover  a  very  weak  line  is 
detected  in  a  thick  BSO  sample  at  3432.09  cm”*  which  can  be  regarded  as  the  isotopic 
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FIGURE  1  High  resolution  (0.05  cm”')  optical  absorption  spectra  of  BSO  (curve  a),  BGO  (curves  b  and  c), 
and  BTO  (curves  d  and  e)  measured  at  9  K.  The  two  curves  for  BGO  and  BTO  are  related  to  samples  cut  from 
different  ingots.  The  label  M  indicates  the  main  line. 
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FIGURE  2  Temperature  dependence  of  the  main  line  position  in  BSO  (full  diamonds),  BGO  (full  circles), 
BTO  (full  squares)  and  in  mixed  jcBGO-(1-jc)BSO  (open  symbols).  The  nominal  fraction  x  is  as  follows.’ 
jc  =  0.25  (open  circles),  x  =  0.5  (open  squares)  and  x  =  0.75  (open  diamonds  and  triangles  to  show  the  line 
splitting  at  low  temperatures).  The  actual  fraction  x  is  0.63,  0.48,  and  0.75  respectively. 


replica  of  the  main  line  at  3442.84,  induced  by  the  presence  of  (natural  abundance 
-2x  10-'). 

In  mixed  (1  -x)  BSO-xBGO  crystals  by  increasing  x  the  position  of  the  main  line  shifts 
smoothly  from  that  in  BSO  to  that  in  BGO  and  shows  practically  the  same  temperature 
dependence  as  BSO  and  BGO  (see  Figure  2).  It  should  be  remarked  that  even  at  9  K  the 
main  line  in  mixed  samples  is  broad  and  for  x  =  0.75  splits  into  two  components,  which 
merge  by  increasing  the  temperature  (see  Figure  2).  A  linear  relationship  holds  between 
the  main  line  position  and  the  x  fraction  as  measured  from  the  chemical  analysis  of  Ge 
and  Si  (Figure  3a).  Such  a  trend  makes  it  possible  1)  to  determine  from  the  actual 
composition  of  mixed  crystals  grown  in  air,  which  doesn’t  necessarily  coincide  with  the 
nominal  one,  and  2)  to  account  for  the  splitting  observed  aix-  0.75  as  due  to  the  coexistence 
of  two  phases,  showed  also  a  linear  dependence  on  the  lattice  constant.'  These  features 
suggest  that  the  main  line  is  due  to  the  same  OH-related  defect  in  BSO,  BGO,  BTO  and 
mixed  BSO-BGO  and  its  position  is  sensitive  to  the  nature  of  Me. 

A  possible  model  for  the  defect  is  an  OH  substituting  one  of  the  four  oxygens  at  the  comers 
of  the  tetrahedron  around  the  Me,  the  charge  compensation  being  accomplished  by  a  Bi- 
antisite.  This  last  (a  Bi'"^  located  at  the  Me"^^  site)  charge-compensated  by  a  hole,  is  assumed 
to  be  responsible  for  the  shoulder,  which  overlaps  the  onset  of  the  fundamental  absorption 
edge  in  undoped  BSO,  BGO,  and  BTO  samples.  ‘  In  the  present  case  the  of  the  hydroxyl 
ion  could  play  the  same  role  as  the  hole.  Therefore  we  looked  for  a  possible  correlation 
between  the  absorption  coefficient  of  the  shoulder  (at  2.9  eV)  and  the  OH  content  Cpf^  in 
BSO,  BGO  and  mixed  BSO-BGO  systems.  Cq^  was  determined  from  the  area  under  the  main 
line,'  was  found  indeed  roughly  proportional  to  see  Figure  3b,  supporting  the 
hypothesis  that  Bi-antisites  are  involved  in  defects  responsible  for  the  main  line. 
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FIGURE  3  Correlation  between  OH  stretching  parameters,  chemical  composition  and  ‘blue’  absorption  in 
mixed  xBGO'(1-jc)BSO  sillenites.  a)  Plot  of  the  Ge  fraction  vs  the  main  line  position  V/,,  at  9  K  as  obtained 
directly  from  the  Ge  chemical  analysis  (full  circles)  and  as  a  complement  to  1,  starting  from  the  chemical 
analysis  of  Si  (open  circles).  The  double  Vf^  value  for  the  Ge  fraction  =  0.75  is  related  to  the  main  line  splitting 
displayed  in  Figure  2.  b)  Plot  of  the  absorption  coefficient  /x,/,  of  the  shoulder  (measured  at  2.9  eV  at  300  K) 
vs  the  OH  concentration  Cqh  estimated  from  the  area  under  the  main  line  (at  300  K). 


In  addition  to  the  main  line,  other  lines  are  present  in  BGO  and  BTO  spectra,  see 
Figure  1.  Their  relative  amplitude  depends  on  the  ingot  from  which  the  sample  has  been 
cut,  compare  curves  b  and  c  (BGO)  and  curves  d  and  e  (BTO).  This  rules  out  that  the 
additional  lines  are  due  to  different  transitions  between  energy  levels  of  the  same  defect. 
Some  of  the  lines  shift  as  a  consequence  of  the  substitutions  of  D  for  H:  therefore  they 
should  be  associated  to  defects  in  which  H  is  involved,  possibly  complexes  of  OH  with 
unwanted  impurities  already  present  in  the  reagent  powders. 

In  BSO  a  weak  overtone  of  the  main  line  was  detected:  in  this  way  the  whole  set  of  the 
Morse  parameters  was  evaluated.  The  anharmonicity  parameter  =  0.02532  and  the 
binding  energy  =  4.417  eV  were  found  comparable  with  those  of  the  free  OH  molecule, 
of  OH  in  LiNb03,  and  in  alkali  halides.^’^  If  the  dipole  moment  is  a  linear  function  of  the 
0-H  separation,  should  equal  the  ratio  of  the  transition  probability  for  the  first  overtone 
to  that  of  the  fundamental,  which  can  be  evaluated  from  the  ratio  between  the  areas  under 
the  two  corresponding  lines such  a  value  was  -3.23  x  10'^,  i.e.  different  from  that  quoted 
above  and  obtained  from  the  position  of  fundamental  and  overtone.  This  suggests  that 
electrical  anharmonicity  effects  are  present  as  well.  In  the  case  of  BGO  and  BTO  x^,„  could 
be  evaluated  only  from  the  isotopic  replica  of  the  main  line,  by  assuming  for  OH  the  model 
of  free  diatomic  molecule:  again  the  values  found  were  comparable  with  those  of  OH  centers 
in  other  compounds. 

The  lines  are  very  narrow  in  the  unmixed  crystals  (0.15-1.44  cm”‘  at  9  K)  and  broader 
in  the  mixed  ones.  The  lineshape  is  Lorentzian  for  the  former,  suggesting  a  homogeneous 
broadening,  and  is  described  by  a  Voigt  profile  in  the  latter,  suggesting  that  an 
inhomogeneous  broadening  is  induced  by  a  random  distribution  of  Ge  and  Si  on  the  Me 
sites.  The  phonon  coupling  of  the  stretching  modes  observed  was  studied  by  analyzing  the 
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detailed  temperature  dependence  of  the  line  position  (see  Figure  2)  and  width.  A  fitting  of 
our  data  according  to  a  weak  coupling  model^  was  quite  satisfactory.  The  frequencies  of 
coupled  phonons  were  found  in  the  range  122  -r  135  cm"‘  for  all  the  systems  investigated 
(included  the  mixed  ones)  in  good  agreement  with  those  obtained  by  reflectance,  Raman 
scattering  measurements  and  theoretical  calculations.^ 
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K-edge  EXAFS  spectra  of  5  molar%  Cr  or  Fe  have  been  observed  in  LiNb03  and  also  in  Mg  co-doped  samples. 
The  results  in  congruent  LiNbOg  can  be  interpreted  in  terms  of  a  relaxed  Li  substitution  model,  however,  in  the 
case  of  Cr,  the  formation  of  pairs  occupying  Li  and  Nb  sites  seems  also  to  be  important.  In  stoichiometric  or 
Mg-containing  samples  Fe  is  partly  displaced  to  the  Nb  site  while  for  Cr  the  dominating  process  seems  to  be  the 
formation  of  aggregates  with  the  participation  of  Mg. 

Key  words',  crystal  defects,  impurity  centres,  transition  elements,  lithium  niobate,  EXAFS. 


1  INTRODUCTION 

Dopants  and  Impurities  in  lithium  niobate  play  decisive  roles  in  most  applications  of  LiNbOj 
systems  e.g.  Fe  in  photorefractive  and  Cr  in  prospective  laser  devices.  The  first  decisive 
argument  in  the  long-standing  dispute  on  the  substitution  site  of  Fe  in  LiNbOj  has  come 
recently  from  extended  X-ray  absorption  fine  structure  (EXAFS)  measurements. Presently 
the  Fe  dopant  in  essentially  congruent  LiNb03,  for  concentrations  up  to  a  few  percent,  is 
known  to  substitute  predominantly  for  Li.  There  are  indications  to  different  behaviour  in 
Mg  co-doped"^’^  or  essentially  stoichiometric^  LiNb03. 

For  the  Cr  dopant  no  EXAFS  data  have  been  reported.  The  dispute  remains  unsettled, 
however,  for  Mg  co-doped  crystals  the  coexistence  of  two  substitution  sites"”^  and  for  Cr 
concentrations  above  1%  the  formation  of  self-compensating  Cr-Cr  pairs  have  been 
reported.  Most  interpretations  and  model  calculations  suffer  from  the  neglect  of  both  local 
relaxation  and  associations  with  other  defects. 

In  this  paper  we  have  undertaken  systematic  EXAFS  measurements  in  congruent  and 
stoichiometric  LiNb03,  single  doped  with  Cr"^  or  Fe^^  and  also  in  materials  double  doped 
with  Mg+Cr  or  Mg+Fe,  in  order  to  obtain  direct  information  on  the  substitution  sites,  local 
relaxations  and  possible  associations. 


2  EXPERIMENTAL  AND  COMPUTATIONAL  DETAILS 

Sintered  powder  samples  were  prepared  from  high-purity  Johnson-Matthey  and  Merck 
materials.  The  Li:Nb  composition  ratio  was  either  congruent  or  stoichiometric  with  dopant 
levels  of  5  mol%  Cr  or  Fe.  A  series  of  5%  Mg  co-doped  samples  was  also  prepared  together 
with  some  congruent  samples  co-doped  with  up  to  15%  Mg.  K-edge  EXAFS  spectra  were 
taken  at  station  7.1  of  the  Daresbury  Synchrotron  Facility.  For  a  better  signal/noise  ratio 
transmission  was  measured  for  Fe  and  fluorescence  for  Cr.  The  Daresbury  suite  of  programs 
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using  Hedin-Lundquist  exchange  potentials  was  used  for  deriving  structural  parameters 
including  ligand  distances. 


3  RESULTS  FOR  LiNb03:  CR  AND  LiNb03:Fe 

The  Fourier  transform  of  the  EX  AFS  spectrum  measured  at  the  Cr  edge  in  congruent  LiNb03 
doped  with  5%  Cr  is  shown  in  Fig  1.  The  analysis  has  been  carried  out  using  the  following 
model  sites  for  Cr^"^,  allowing  large  relaxations  for  the  Cr^^  ion  and  the  first  few  neighbour 
shells: 

a)  the  Li  site,  where  a  closest  Nb  neighbour  may  be  missing  or  replaced  by  another  Cr, 

b)  the  Nb  site,  where  a  closest  Li  neighbour  may  be  replaced  by  Nb  or  Cr. 

The  oxygen  octahedrons  containing  the  Cr^""  in  various  models  may  be  undistinguishable 
due  to  relaxation.  The  essential  difference  from  the  point  of  view  of  EXAFS  is  the  number 
of  close  Nb  neighbours  in  the  models,  4  or  3  Nb’s  in  model  a),  and  0  or  1  in  model  b),  all 
at  roughly  3.07  A.  The  difference  between  the  models  is  further  increased  by  three  more 
Nb’s  at  appr.  3.35  A  and  two  more  triplets  of  oxygens  within  3.5  A  in  model  a),  all  of  which 
are  absent  in  model  b). 

The  close  Li  neighbours  appearing  instead  in  model  b)  are  much  weaker  at  backscattering 
X-rays  than  Nb  and  O. 

The  analysis  is  in  favor  of  Li  substitution.  The  large  Fourier  amplitudes  measured  between 
2.8  and  3.5  A  cannot  be  explained  assuming  only  Li  neighbours  in  this  range.  The  ligand 
distances  obtained  are  given  in  Table  I  and  indicate  a  strong  relaxation  of  the  oxygen 
octahedron  with  a  shift  of  the  Cr  towards  a  central  position.  The  relaxations  also  correspond 
to  the  charge  misfit. 

The  fit  can  be  improved  if  the  accidental  coincidence  of  the  distances  of  the  four  close 
Nb  neighbours  (one  on  the  C3  axis  and  three  in  off-axis  positions)  is  allowed  to  be  lifted. 
The  resulting  small  distance,  2.95  A,  for  the  on-axis  Nb  seems  again  to  correspond  to  a 
relaxation  of  the  Cr^""  ion  towards  a  central  position  by  at  least  0.12  A  from  the  Li  site. 


FIGURE  1  Fourier  transform  of  the  K  edge  EXAFS  spectrum  of  5%  Cr  in  congruent  LiNb03.  The  dashed 
line  was  calculated  using  the  data  for  the  4Nb  variant  of  the  Li  substitution  model  in  Table  I. 
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TABLE  I 

Best  fit  values  for  dopant-ligand  distances  (in  A)  in  congruent  LiNbOj:  Cr  compared  to  cation- 
ligand  distances  in  perfect  LiNbOa 


Shells 

30 

30 

1  Nb  +  3  Nb 

30 

3Nb 

30 

around  Li 

Perfect 

LiNb03 

2.050 

2.271 

3.07 

3.28 

3.35 

3.41 

Cr^i 

2.033 

3.22 

-3.27 

3.38 

-3.37 

models 

2.033 

2.95  3.19 

-3.30 

3.34 

-3.32 

However,  as  the  fitting  procedure  is  unsensitive  to  small  (±1)  changes  of  the  number  of 
ligands  in  a  given  ligand  shell,  the  presence  of  a  considerable  minority  of  Cr  on  Nb  site, 
which  would  contribute  to  the  first  oxygen  peak  but  only  weakly  to  the  rest  of  the  spectrum, 
cannot  be  excluded. 

The  data  for  LiNbOj-.  Fe  confirm  the  Li  substitution  model'“^  and  indicate  some 
relaxation  of  the  Fe  towards  a  central  position,  though  less  than  for  Cr.  Due  to  the  larger 
relative  amplitude  of  the  peak  near  3.3  A  in  the  Fourier  spectrum  (which  is  mainly  due 
to  Nb  ligands),  the  portion  substituting  on  Nb  site  must  be  considerably  less  than  in  the 
Cr  case. 


4  RESULTS  FOR  Mg  CO-DOPED  AND  STOICHIOMETRIC  LiNbOj 

The  spectra  in  both  LiNb03:Mg:Cr  and  LiNb03:Mg:Fe  are  dramatically  changed  compared 
to  samples  without  Mg.  The  qualitative  differences  become  larger  for  increasing  Mg 
concentrations  and  cannot  be  described  by  the  simple  Li  or  Nb  substitution  models  with 
any  reasonable  relaxations. 

The  most  important  change  for  LiNbOjiMgiCr  is  an  increase  of  the  relative  amplitude 
of  the  peak  near  3.2  A  (see  Fig.  2).  This  indicates  that  upon  Mg  codoping  Cr  is  increasingly 
associated  with  strongly  X-backscattering  near  cation  neighbours,  which  may  be  e.  g.  Mg 
instead  of  Li,  or  more  Cr  and/or  Nb  neighbours.  A  possible  fit  with  a  Cr-Mg  aggregate  is 
shown  in  Figure  2. 

In  the  case  of  LiNbOjiMgiFe  the  peak  near  3.3  A  strongly  decreases  upon  Mg  co-doping 
as  compared  to  the  oxygen  peaks,  indicating  that  increasing  numbers  of  Fe  are  associated 
with  less  effectively  backscattering  neighbours  just  outside  their  oxygen  octahendrons. 
This  may  be  the  effect  of  Fe^b,  since  FcLi-Mg^b  associates  are  unexpected  for  other  reasons" 
(lower  indices  refer  to  substitution  sites). 

A  Li:Nb  composition  ratio  of  1 : 1  instead  of  the  congruent  one  resulted  in  relatively  small 
changes  for  LiNb03:Cr  and  LiNb03:Mg:Cr.  For  Fe,  stoichiometry  caused  more  conspicuous 
effects  similar  to  those  caused  by  an  additional  5%  of  Mg.  In  the  case  of  Fe  this  may  be 
understood  assuming  that  both  stoichiometry  and  Mg  eliminate  the  intrinsic  defect  structure 
stabilizing  Fcy  and  thus  lead  to  increasing  numbers  of  Fe^b.  For  Cr,  charge  compensation 
at  the  5%  dopant  level  is  apparently  less  determined  by  intrinsic  defects  but  can  be  strongly 
affected  by  Mg  co-doping.  A  reasonable  explanation  for  this  situation  can  be  that  a 
considerable  part  of  Cr  is  paired  or  aggregated  even  in  single  doped  congruent  samples, 
and  Mg  is  a  competitive  partner  for  Cr  to  form  paires  and  aggregates. 
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FIGURE  2  Fourier  spectrum  for  5%  Cr  in  congruent  LiNb03  co-doped  with  10%  Mg.  The  dashed  line  is  a 
fit  for  a  possible  Cr-Mg  aggregate  containing,  in  addition  to  oxygens,  2±1  magnesiums  and  2±1  niobiums  at 
distances  in  the  range  2.74-2.86  A  from  the  Cr. 
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Conduction  electrons  released  from  oxygen  vacancies  in  gallium  oxide  exhibit  an  electron  spin  resonance  (CESR) 
line  with  pronounced  hysteresis  when  the  magnetic  field  is  swept  upward  and  backward.  This  memory  effect  is 
due  to  the  existence  of  a  bistable  nuclear  field  induced  by  dynamic  nuclear  polarization  of  gallium  nuclei.  It  is 
shown  that  this  bistability  is  the  consequence  of  the  one-dimensional  (ID)  character  of  the  band  structure  of 
gallium  oxide,  with  the  conduction  band  formed  almost  exclusively  from  4s  orbitals  of  gallium  in  octahedral  sites, 
forming  isolated  double  chains  aligned  along  the  b-axis. 

Key  words:  Bistable  Conduction  Electron  Spin  Resonance,  Gallium  oxide,  Oxygen  vacancies,  band  structure. 


1  INTRODUCTION 

Gallium  oxide  /?-Ga203  is  normally  an  insulating  material  with  a  gap  of  about  4.8  eV. 
However,  single  crystals  are  in  general  slightly  oxygen-deficient,  and  the  resulting  doubly 
compensated  oxygen  vacancies  (F  centers)  form  shallow  donors  with  ionization  energy 
Ed  «  0.03-0.04  eV.'  Conduction  electrons  released  from  these  shallow  donors  exhibit  a 
very  narrow  CESR  line  (peak-to-peak  linewidth  AS  w  0.04  mT).  Upon  partial  saturation, 
the  CESR  line  exhibits  a  strong  Overhauser  shift  to  low  magnetic  fields^  produced  by 
dynamic  nuclear  polarization  (DNP)  of  gallium  nuclei  by  the  Overhauser  effect.^  The  most 
striking  feature  is  that  the  partially  saturated  CESR  line  shows  a  pronounced  hysteresis 
upon  sweeping  upward  and  backward  the  magnetic  field.^’^  An  example  is  shown  in 
Figure  1.  This  hysteresis  is  observable  in  full  temperature  range  from  4  to  300  K.  We  have 
demonstrated  that  this  phenomenon  is  due  to  a  bistable  nuclear  polarization,  which  means 
that  two  different  stable  values  of  the  nuclear  field  exist  for  given  values  of  the  external 
control  parameters,  namely  the  magnetic  field,  the  microwave  frequency  and  the 
microwave  field.  This  is  the  simplest  example  of  bistability  with  memory  effect  for  a 
transition  within  a  two-level  system  (the  two  levels  being  the  spin  states  of  conduction 
electrons). 

It  is  however  evident  that  this  phenomenon  supposes  an  intimate  relation  with  the 
electronic  structure  of  ^-GdiiO^,  since  such  bistability  has  not  yet  been  observed  for  other 
conducting  materials.  In  this  paper  we  show  how  the  conditions  required  for  the  occurence 
of  a  bistable  hysteresis  of  CESR  are  met  in  gallium  oxide,  from  consideration  of  its  band 
structure. 


2  CONDITIONS  FOR  BISTABLE  HYSTERESIS  OF  CESR 

The  resonance  condition  for  free  electron  spins  in  a  conduction  band  is  given  by; 

hv  =  5/3(Bo  +  Bn)  (1) 
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FIGURE  1  Example  of  experimental  (top)  and  calculated  (bottom)  bistable  magnetic  resonance  of  conduction 
electrons  in  a  /?-Ga203  single  crystal  at  150  K  and  at  microwave  power  P  =  80  mW  (microwave  field 
Bi  =  0.04  mX). 


where  Bq  and  B„  are  respectively  the  external  magnetic  field  and  the  internal  field  produced 
by  the  nuclear  polarization.  B„  is  insignificant  at  thermal  equilibrium  at  high  temperatures 
{B„  <  10“^  mT  for  Bq  =  340  mT).  Overhauser^  has  shown  that  saturation  of  the  CESR 
line  can  produce  polarization  of  the  nuclear  spins  which  results  in  a  considerable  increase 
of  Bn,  with  a  shift  of  the  CESR  line  known  as  the  Overhauser  shift.  In  (3-Gd,20i,  Bn  can 
reach  the  value  of  0.4  mT  at  150K.^  Since  the  DNP  is  obtained  from  saturation  of  the 
CESR  line,  a  complete  expression  of  can  only  be  obtained  from  a  combination  of  the 
Overhauser  equation  for  nuclear  polarization  and  of  the  Bloch  equation  for  saturation:**’^ 


Bn  —  {^Bov)jnax 


_ _ 

1  +  -f‘^'I^{Bn  +  Bq-  hu/gl3f  +  'iWiBl 


(2) 


where  Bx  is  the  amplitude  of  the  microwave  field  and  {ABgu)^^  is  the  Overhauser  shift  of 
the  CESR  at  maximum  saturation  (equality  of  spin  state  populations).  Equation  (2)  means 
that  Bn  is  a  function  of  itself,  Bn  =f{Bn)-  Figure  2  shows  the  variation  of  Bn  versus  the 
external  field  Bq  for  /?-Ga203  at  different  microwave  field  values.  Under  sufficiently  strong 
saturation,  exhibits  an  S-shaped  curve  versus  Rq,  typical  of  bistable  systems.  The  two 
accessible  states  a  and  7  are  obtained  respectively  for  upward  and  downward  variations  of 
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FIGURE  2  Variation  of  the  nuclear  field  Bn  versus  the  external  field  in  /?-Ga203  for  different  values  of  the 
microwave  field  Bi.  In  bistable  regime  Bn  exhibits  two  stable  states  a  and  7  separated  by  an  unstable  state  ft. 


Bq.  Substituted  in  expression  (1),  this  bistability  of  Bn  is  responsible  for  the  hysteresis  of 
the  CESR  line  position.  With  values  of  T\  and  T2  usually  encountered  in  conducting 
materials,  equation  (2)  has  only  one  solution  for  Bn,  and  the  nuclear  field  is  thus 
monostable  (no  hysteresis  for  the  CESR  line).  However  it  accepts  three  solutions  if  the 
following  condition  is  satisfied:^ 


I{I  +  1)NA 


> 

-DO 


(3) 


where  N  is  the  average  number  of  nuclei  interacting  with  each  electron  spin,  A  being  the 
isotropic  hyperfine  interaction  with  each  nucleus.  Expression  (3)  shows  that  most 
compounds  may  exhibit  bistability  at  sufficiently  low  temperatures  and  sufficiently  high 
field  Bq.  This  seems  to  be  actually  the  case  for  AsGa.^  However,  under  moderate 


Density  of  States  (DOS) 

(b) 


FIGURE  3  a)  Structure  of  /5-Ga203.  b)  Density  of  states  (DOS)  of  the  conduction  band.  Dotted  lines:  total  DOS; 
dashed  line:  projected  DOS  on  4s  Gai  atomic  orbitals;  full  line:  projected  DOS  on  4s  Gan  atomic  orbitals. 
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conditions  of  Bq  (about  340  mT  at  X  band)  and  temperature  (close  to  RT),  inequality  (3)  is 
satisfied  only  if  the  CESR  linewidth  AR  is  sufficiently  small  (-i.e*if  Ti  and  T2  are 
sufficiently  long)  and  if  the  hyperfine  interaction  NA  is  sufficiently  high.  We  show  that  the 
peculiar  electronic  structure  of  ^-Ga203  makes  these  two  conditions  possible. 


3  RELATION  BETWEEN  CESR  BISTABILITY  AND  THE  ELECTRON  BAND 
STRUCTURE  OF  GALLIUM  OXIDE 


Figure  3  shows  the  crystallographic  structure  of  /3-Ga203  and  the  portion  of  its  electronic 
structure  corresponding  to  the  conduction  band.  The  former  may  be  described  as  an 
assembly  of  double  chains  of  octahedral  gallium  (Gan)  surrounded  by  six  tetrahedral 
chains  (Gaj),  oriented  along  the  crystallographic  axis  b.  The  band  structure  was  calculated 
in  the  crystalline  extension  of  the  extended  Hiickel  method.  The  results  show  that  the 
conduction  band,  principally  made  of  4s  orbitals  of  gallium  ions  60%),  is  split  into  two 
secondary  bands.  The  4s  gallium  contribution  to  the  lower  sub-band  is  only  due  to 
octahedral  Gan  ions,  while  tetrahedral  Gai  contribute  only  to  the  upper  sub-band.  The 
other  contributions  to  the  conduction  band  are  mainly  due  to  oxygen  2p  orbitals.  This 
anisotropic  band  structure  clearly  implies  that  the  conduction  electrons  released  from 
oxygen  vacancies  move  along  the  octahedral  chains,  and  thus  exhibit  a  quasi  one¬ 
dimensional  behavior,  which  has  an  important  consequence  for  the  electron  spin  relaxation 
time.  Assuming  an  Elliott-Yafet  mechanism  for  the  spin  relaxation,  one  obtains: 


Ti 


aM — ^ 


(4) 


where  10“^"^  s  is  the  characteristic  time  for  the  electronic  motion,  Ag  is  the  g-shift,  a 
is  a  constant  of  the  order  of  unity,  and  f//  and  t±  are  respectively  the  longitudinal  and  the 
transverse  transfer  integrals.  Band  structure  calculation  gives  |?//p/|uP~2x  10^,  which 
leads  to  T\  ^  T2^  10“^  s,  while  an  isotropic  band  structure  would  give 
Ti  ^  T2  ^  10“^^  s.  The  experimental  value  for  ^-Ga203  is"^  Ti  ^  T2  ^  0.2  x  10“^  s,  in 
satisfactory  agreement  with  the  calculated  one.  Moreover,  the  important  gallium  4s 
contribution  to  the  conduction  band  edge  is  responsible  for  the  strong  nuclear  field  induced 
by  DNP.  The  theoretical  hyperfine  interaction  NA  deduced  from  the  orbital  composition  of 
the  conduction  band  edge  is  NA  «  5700  MHz,  which  is  comparable  with  the  experimental 
value  (NA)  exp  =  3020  MHz.  It  should  be  noted  that  the  latter  is  a  lower  limit  since  the 
apparent  hyperfine  interaction  is  reduced  if  the  DNP  mechanism  is  not  fully  efficient. 
Comparison  of  the  calculated  and  experimental  values  shows  that  the  efficiency  of  DNP  in 
/?-Ga203  is  about  50%,  which  is  a  reasonable  value.  If  we  report  the  calculated  values  of 
Ti, 72 (proportional  to  AB~^)  and  NA  in  expression  (3),  it  can  be  seen  that  the  inequality  is 
verified,  implying  a  bistable  hysteresis  for  the  CESR  of  /3-Ga203. 


4  CONCLUSION 

The  existence  of  a  bistable  hysteresis  of  the  magnetic  resonance  of  conduction  electron 
spins  in  /3-Ga203,  observed  even  at  room  temperature,  is  the  direct  consequence  of  the 
electron  band  structure  of  this  compound.  The  latter  implies  that  conduction  electrons, 
which  are  released  from  oxygen  vacancies  acting  as  shallow  donors,  move  along  double 
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chains  of  gallium  4s  orbitals.  The  ID  and  4s  characters  of  the  conduction  band  are  the 
primary  causes  of  the  bistable  nuclear  field.  It  is  thus  expected  that  many  other  compounds 
are  liable  to  exhibit  a  bistable  CESR. 
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In  the  incipient  ferroelectric  KTaO,  small  substitutional  Li-ions  are  known  to  induce  dipolar  microgregions  due 
to  their  off-center  dipole  moment.  A  sensitive  method  to  observe  the  appearance  of  non-inversion  symmetric 
regions  in  Ki.^Li^TaO,  is  based  upon  monitoring  the  second  harmonic  intensity  (SHG)  of  Nd:  YAG  laser  light. 
At  low  temperatures  a  considerable  SHG  intensity  (calibrated  with  respect  to  LiNbOj)  is  observed  with  a 
characteristic  temperature-,  field-  and  Li-concentration  dependence.  The  time  and  temperature  dependence  of 
the  electric  field  induced  SHG  intensity  change  shows  an  Arrhenius-like  behavior  with  fast  and  slow  relaxation 
processes.  For  concentrations  larger  that  x  ~  0.02  the  slow  relaxation  process  with  an  activation  energy  of 
=  86  meV  has  been  interpreted  as  a  reorientation  of  mainly  antiparallel  ferroelectric  domains.  Measurements 
of  the  thermally  stimulated  depolarization  current  (TSDC),  performed  after  removing  the  bias  field  at  LHe- 
temperature,  yield  for  a  x  =  0.028  sample  a  broad  current  peak  with  a  maximum  at  ~  60  K.  A  good  fit  to  the 
experimental  data  can  be  reached  for  a  distribution  of  relaxing  dipoles  according  to  a  Havriliak-Negami  model 
with  a  mean  activation  energy  M  =  178  meV.  The  difference  in  activation  energies  will  be  discussed  in  terms 
of  different  reorientation  processes. 

Key  words'.  Solid-solid  phase  transition,  Ki.^Li^TaO,,  second  harmonic  generation,  thermally  stimulated 
depolarization  current. 


1  INTRODUCTION 

Nominally  pure  KTa03  is  an  incipient  ferroelectric,  inversion  symmetric  cubic  perovskite. 
Addition  of  small  substitutional  Li-ions  is  known  to  induce  local  polarization  in  KTaOg 
due  to  the  off-center  displacement  of  the  LiJ  The  impurity  induced  low  temperature  phase 
transition  in  Ki_,,LixTa03  is  still  controversially  discussed  either  as  a  ferroelectric  transition 
or  in  terms  of  a  dipole  glass  behavior.^ 

Within  this  work  we  present  time  and  temperature  dependent  SHG  experiments  which 
reveal  many  details  of  the  polarization  build-up  or  decay  in  Ki_,^LixTa03.  Measurements  of 
the  thermally  stimulated  depolarization  current  (TSDC)  give  additional  information  about 
the  dynamics  of  the  phase  transition. 


2  EXPERIMENTAL  PROCEDURE 

The  Ki_xLixTa03  crystals  were  either  grown  by  H.  Hesse  (x  =  0.008, 0.016, 0.028  and  0.043) 
in  the  crystal  growth  laboratory  of  the  University  of  Osnabriick^  or  by  D.  Rytz'^  at  the 
University  of  Lausanne  (x  =  0.022,  0.036  and  0.063).  Details  of  the  crystal  growth  have 
been  reported  elsewhere.^ 

A  Nd:YAG  laser  with  a  peak  power  of  ~  10  kW,  a  pulse  width  of  ~  100  nsec  (FWHM) 
and  a  repetition  rate  of  1  kHz  as  fundamental  beam  is  focussed  to  the  sample  by  a  lens 
with  a  long  focal  length  (f^  =  160  mm)  and  the  SHG  intensity  is  calibrated  with  respect 
to  LiNb03. 
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The  SHG  dynamics  was  investigated  by  measuring  the  temporal  change  of  the  SHG 
intensity  after  switching  on  and  subsequently  off  of  an  applied  electric  field  (parallel  <100> 
direction)  at  constant  temperature  in  the  phase  transition  region.  The  experimental  setup 
used,  is  described  in  more  detail  in  reference.'^’^  The  thermally  stimulated  depolarization 
current  (TSDC)  was  measured  after  removing  the  applied  bias  field  at  LHe-temperature. 
The  experimental  setup  is  described  in  reference.^ 


3  RESULTS  AND  DISCUSSION 

The  temperature  dependence  of  the  SHG  intensity  for  concentrations  x  <  0.016  shows  a 
very  gradual  increase  with  decreasing  temperature  and  practically  no  thermal  hysteresis. 
However,  for  concentrations  x  >  0.022  the  SHG  intensity  reveals  a  step-like  increase  at  the 
phase  transition  and  a  clearly  expressed  thermal  hysteresis. 

The  SHG-Intensity  S..^E  =  0)  at  zero  applied  electric  field  strongly  increases  with  Li- 
concentration.  With  applied  electric  field  we  find  an  increase  of  the  SHG  intensity 
with  increasing  fields  E  up  to  a  concentration  dependent  saturation  field  The  SHG 
intensity  ratios  {E  =  decrease  from  250  for  x  =  0.008  to  1  for 

X  =  0.063.^’^  The  concentration  dependence  of  the  largest  value  of  the  field  induced  SHG 
intensity  S'^{E  =  shows  a  maximum  around  x  ~  0.03.^  Corresponding  field-induced 
birefringence  ratios  are  more  than  one  order  of  magnitude  smaller. 

Therefore  our  SHG  intensity  results  have  been  interpreted  mainly  in  terms  of  the  reorientation 
of  antiparallel  dipolar  regions,  which  are  not  distinguishable  in  birefringence  measurements. 
The  SHG  results  yield^  an  estimation  of  the  mean  size  of  dipolar  regions  ^^{E  =  0)  at 
7  <  20  K  extending  from  12  nm  (x  =  0.008)  to  >  2800  nm  (x  =  0.063). 

The  appearance  of  lateral  scattering  peaks  for  x  >  0.022  in  the  spatial  distribution  of  the 
SHG  intensity  additionally  indicates  the  existence  of  antiparallel  domains  with  mean  size 

>  0. 1  /xm  in  this  concentration  range. 

The  variation  of  S'...  with  the  polarization  direction  of  the  Nd:YAG  laser  light  at  low 
temperature  (with  7-0)  shows  an  angular  periodicity  pointing  to  dipolar  regions  with 
tetragonal  symmetry.  These  regions  are  oriented  at  an  angle  of  90°  to  each  other.  The  ratio 
of  the  SHG  tensor  components'’^  in  all  cases  turn  out  to  be  (<^33/6/3,)^  =  6.3  ±  0.6  and  (<^3  1 . 

Two  examples  of  the  time  dependent  SHG  experiments  are  shown  in  Figure  1  for 
concentrations  x= 0.008  and  0.022.  Plotting  the  data  in  a  semilogarithmic  scale  one  recognizes 
for  small  Li-concentrations  (x  <  0.016)  a  behavior  which  can  be  described  by  a  superposition 
of  two  exponential  processes  with  time  constants  and  T2.  The  time  constant  r,  of  the  fast 
process  is  smaller  than  that  of  our  instrumentation,  and  the  process  can  therefore  not  to  be 
resolved.  But  the  amplitude  A  of  this  process  can  be  determined  from  the  intersection  with 
the  abscissa  at  ?  =  0  of  the  straight  line  in  Figure  1  A,  which  is  describing  the  slow  process 
(with  amplitude  1  -A).  The  amplitude  A  of  the  fast  process  Tj  vanishes  at  the  phase  transition^ 
and  can  therefore  be  interpreted  as  the  reorientation  of  weakly  correlated  Li-ions. 

The  slow  process  has  been  measured  in  detail  in  its  temperature  dependence  (Figure  2) 
and  turned  out  to  be  Arrhenius-like  r^iT)  =  Tq  exp  {EJkgT)  with  an  activation  energy  E^ 
increasing  with  concentration  x  (7^  =  170  K  for  x  =  0.008,  7^  =  810  K  for  x  =  0.016  and 
7^  =  1000  K  for  X  -  0.022  and  x  =  0.036).  For  the  two  highest  doped  samples  the  field-induced 
change  of  the  SHG  intensity  becomes  very  small  (x  =  0.043)  or  vanishes  completely 
(x  =  0.063)  and  therefore  no  values  for  7^  and  the  attempt  frequency  Tq  could  be  determined. 
Comparing  the  T2  process  with  the  Tj  process  and  the  dielectric  results  for  the  Li-reorientation‘^’‘^ 
this  process  can  be  interpreted  as  the  reorientation  of  strongly  correlated  Li-ions. 

The  temperature  dependence  of  the  thermally  stimulated  depolarization  current  (TS¬ 
DC),  performed  after  removing  the  bias  field  at  LHe-temperature,  is  shown  for  a 
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FIGURE  1  A.)  Time  dependence  of  the  integral  SHG  intensity  in  K,,xLixTa03  after  fast  switching  off  {E  0) 

of  an  electric  field  E  -  200  kV/m  >  E,^„  at  T  =  36  K  for  jc  =  0.008.  Intensity  is  plotted  in  a  logarithmic  scale.  The 
dashed  line  indicates  the  fast  process  with  r,  and  amplitude  A  =  0.58  and  the  solid  line  the  slow  process  with  T2 
=  7.5  sec  and  amplitude  1-A  =  0.42.  B.)  Time  dependence  of  the  integral  SHG  intensity  in  Ki.^jLi^TaOj  after  fast 
switching  on  (0  — >  E)  of  an  electric  field  E  =  200  kV/m  >  at  T  =  56  K  for  x  =  0.022.  Intensity  is  plotted  in  a 
logarithmic  scale.  The  solid  line  is  the  slow  process  with  T2  =  6.3  sec.  The  scattering  of  the  data  appears  to  be 
connected  with  both,  probing  a  particular  volume  of  the  sample  with  the  laser  beam  and  domain  boundaries 
passing  through  the  laser  beam  focus. 


FIGURE  2  Temperature  dependence  of  the  relaxation  time  Tj  of  the  slow  process  in  Ki_,^Li,^Ta03  for  x  =  0.008, 
0.016,  0.022  and  0.036  for  an  applied  electric  field  E  =  200  kV/m  > 


concentration  x  =  0.028  in  Figure  3.  A  broad  current  peak  is  obtained  with  a  maximum  at 
«  60  K.  A  good  fit  to  the  experimental  data  can  be  reached  for  a  distribution  of  relaxing 
dipoles  according  to  a  Havriliak-Negami  model with  a  mean  activation  energy 
AA  =  178  meV.  The  value  of  AA  is  about  two  times  larger  than  the  value  of  the  SHG 
experiments  in  this  concentration  range.  Possible  explanations  may  be  that  the  TSDC 
experiment  is  more  sensitive  to  the  reorientation  of  larger,  e.g.  90'^-domains  or  that  the 
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FIGURE  3  Temperature  dependence  of  the  thermally  stimulated  depolarization  current  (TSDC)  for  a 
K,_^Lij,Ta03  sample  with  x  =  0.028.  The  experimental  data  are  presented  as  solid  line.  The  dashed  line 
represents  a  fit  according  to  a  Havriliak-Negami  model with  the  fit  parameters  indicated.  The  thickness  of 
the  sample  is  about  3  mm. 


above  Havriliak-Negami  distribution  does  not  take  into  account  the  spontaneous  polarization 
due  to  long  range  dipolar  interaction. 

The  nature  of  the  phase  transition  in  Ki_xLixTa03  appears  to  be  dominated  by  the 
temperature  dependence  of  two  dynamic  processes  associated  with  the  Li-ions  in  a  statistical 
distribution.  For  x  <  0.016  the  transition  is  dipole  glass-like,  mainly  characterized"  by  the 
slowing  down  of  the  reorientation  of  weakly  correlated  Li-ions.  Forx  >  0.022  the  transition 
is  dominated  by  the  reorientation  of  strongly  correlated  Li-ions. 
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INFLUENCE  OF  YTTRIUM  AND  OF  THE  OXYGEN 
PRESSURE  ON  a  ALUMINA  MICROSTRUCTURE. 
RELATION  WITH  MECHANICAL  PROPERTIES 
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The  influence  of  yttrium  doping  on  the  alumina  micro  structure  is  correlated  to  the  Y  amount  and  to  the  oxygen 
pressure.  A  low  oxygen  pressure  promotes  the  solubility  of  yttrium  in  the  bulk,  its  segregation  in  grain  boundaries 
and  increases  the  alumina  toughness.  Moreover  alumina  grain  growth  is  limited  either  by  garnet  precipitation  or 
by  yttrium  segregation  along  boundaries. 

Key  words:  a-alumina,  yttrium  doping,  microstructure,  toughness,  oxygen  pressure. 


1  INTRODUCTION 

The  objective  of  this  work  is  to  point  out  the  mechanisms  by  which  yttrium  can  modify  the 
polyciystalline  a  alumina  microstructure  and  toughness  according  to  the  doping  element 
amount  and  to  the  oxygen  pressure.  Such  a  study  was  mainly  performed  by  scanning 
electron  microscopy  (SEM,  equiped  with  an  Energy  Dispersive  X-ray  Spectrometry) 
associated  to  image  analyses  and  by  indentation. 


2  MATERIAL  ELABORATION  AND  EXPERIMENTAL  PROCEDURE 


Mixed  powders  doped  with  1%,  0.1%  and  0.03%  mol  Y2O3  were  prepared  by  a  wet 
mixing  in  an  yttrium  nitride  solution  [1].  The  sintering  was  performed  under  an  uniaxial 
load  of  45  MPa  at  1550°C,  in  vacuum,  in  a  graphite  crucible  at  a 
PO2  equal  to  10“*^  atm  [2]  (by  P.  Carry,  E.  P.  F.  Lausanne).  Sintered  samples  were 
heat-treated  at  either  1650°C  or  1400°C,  in  air  or  in  a  reducing  atmosphere  (in  graphite 
crucible)  for  times  varying  between  15  mn  to  72  h,  then  cooled  at  20° /mn.  The 
microstructural  observations  by  SEM  and  the  following  image  analyses  were  performed  on 
the  surface  of  the  samples  by  back-scattered  electrons.  Electronic  images  were  transformed 
in  binary  images,  transferred  and  treated  on  a  computer.  It  was  verified  that  the 
microstructure  at  the  surface  was  similar  to  that  in  the  core  of  the  samples  (fracture 
observations). 

The  toughness  measurements  [3-6]  were  made  with  a  Vickers  diamond  indenter,  the 


toughness  (K)  is  defined  by: 


K  =  0.014(i)'/^^ 


,  with  (2c)  the  radial  crack  length. 


suppress  P  the  applied  load  (m  =  1  kg),  E  the  Young  modulus  of  alumina  (E  400  MPa) 
and  Hv  the  hardness. 
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FIGURE  1  Microstructure  of  alumina  doped  samples  heat-treated  for  24  hours  at  1650'’C.  White  particules 

consist  in  Y3AI5O12  (arrow),  average  size:  1. 8-2.6  //m 

FIGURE  1(a)  1%  mol.  Y2O3  doped  sample  treated  in  air  atmosphere. 


3  RESULTS 

3.1  SEM  observations 

3.1.1  Samples  heat-treated  in  air  (Figure  la):  In  case  of  the  highly  doped  sample 
(1%  mol.  Y2O3),  the  grain  size  and  the  distribution  of  the  second  phase  Y3AI5O12  are 
homogeneous  as  previously  analysed  by  STEM  [7-8].  Abnormal  grain  growth  is  not 
observed  when  it  is  the  case  on  the  sample  doped  with  0.03%  mol.  Y2O3 (Figure  lb). 
Image  analyses  performed  with  a  population  of  about  1300  grains  indicate  that  the  grain 
size  is  bimodal:  a  lot  of  grains  have  a  diameter  included  between  1  et  5  pm  and  the 
diameter  of  the  other  grain  population  can  reach  140  pm.  Moreover,  on  all  samples, 
whatever  the  doping  amount,  Y3AI5O12  precipitates  are  observed  at  the  surface,  and,  the 
longer  the  heaUtreatment  duration,  the  greater  the  amount  of  the  garnet  precipitates  at  the 
surface.  In  the  case  of  highly  doped  samples,  the  grain  growth  is  limited  by  the 
precipitation  of  the  Y3AI5O12  phase  along  alumina  grain  boundaries. 

3.1.2  Samples  heat-treated  in  CO  j CO 2'.  for  the  sample  doped  with  0.03%  mol.  Y2O3,  it 
is  then  observed  (Figure  Ic)  that  the  grain  size  is  fairly  homogeneous  when  compared  to 
the  same  sample  treated  in  air  (Figure  lb).  Most  of  the  grains  have  a  size  included  between 

4  et  15  pm.  Besides,  the  amount  of  Y3AI5O12  precipitates  at  the  surface  is  much  smaller 
than  for  the  same  sample  treated  in  air.  These  observations  are  similar  to  those  performed 
on  as-sintered  samples. 
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FIGURE  1(b)  0.03%  mol.  Y2O3  doped  sample  treated  in  air  atmosphere. 


3.2  Toughness  Measurements  by  Indentation 

The  variation  of  the  toughness  on  as  sintered  samples,  i.e.  treated  in  a  low  oxygen 
pressure,  versus  the  yttrium  amount  is  shown  in  Figure  2.  As  usually  observed  with 
ceramics,  a  great  scattering  in  the  values  appears  and  the  average  value  for  each  sample 
was  also  plotted  (dashed  line).  Then,  a  slight  increase  of  the  toughness  is  obtained  for  the 
sample  doped  with  0.03%  mol.  Y2O3  whatever  the  heat  treatment  (as  sintered,  treated  in 
air). 


4  DISCUSSION  AND  CONCLUSION 

In  order  to  explain  the  effects  of  the  oxygen  pressure  and  of  the  yttrium  doping  on  the 
alumina  microstructure,  it  is  necessary  to  come  back  to  previous  results.  By  STEM  on  thin 
foils  of  as  sintered  alumina  doped  with  0.03%  mol.  Y2O3  [7-8],  it  was  shown  that  yttrium 
segregates  along  grain  boundaries  with  an  average  relative  concentration  equal  to  ^  50 

(cb  and  Cgb  being  the  average  atomic  yttrium  concentration  in  the  bulk  and  along  grain 
boundaries  respectively).  In  this  case,  Y3AI5O12  precipitates  are  observed  neither  in  the 
bulk  nor  in  grain  boundaries. 

Besides,  EXAFS  analyses  of  the  local  disorder  around  yttrium  in  the  alumina  lattice 
[7-9]  have  shown  that,  due  to  the  great  size  of  yttrium  ions  compared  to  that  Uf  aluminum 
ions,  yttrium  ions  in  solid  solution  (on  the  cationic  sub-lattice)  induce  distorsions  in  the 
anionic  sub-lattice:  it  generates  oxygen  vacancies  as  first  neighbouring  and  oxygen 
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nCURE  1(c)  0,03%  mol.  Y2O3  doped  sample  treated  in  carbon  graphite  crucible. 


interstitials  in  a  second  shell,  which  means  that  defect  complexes  are  created  as  it  follows: 


30? 


zi  Ai 


(2Y; 


A1 


mV? 


nOi) 


2(m 


^02  +  2(m  —  n)e'  with  m  >  n  and 


ro  ^  3  [7-9].  Such  a  reaction  is  promoted  at  low  oxygen  pressure  as,  in  this  case,  the 
predominant  defect  is  the  oxygen  vacancy  (Vq  )  (with  [Vq  ]  oc  (pos)”^^^)-  After  an  heat- 
treatment  in  air,  STEM  analyses  did  not  allow  to  detect  any  yttrium  neither  in  the  bulk  nor 
along  grain  boundaries.  This  indicates  that,  in  air,  the  yttrium  enrichment  towards  the 
alumina  outer  surface  is  mainly  due  to  the  oxygen  chemical  potential  gradient  defect 
between  the  core  of  the  material  and  its  surface.  The  driving  force  is  given  by 
Fc  oc  kT^  [10].  Another  driving  force  could  be  related  to  a  temperature  gradient  [11,  12], 
induced  during  cooling  between  the  outer  surface  and  the  core,  which  would  be  given  by: 
Ft  oc  —  AHf  In  our  case,  the  yttrogamet  enrichment  at  the  outer  surface  is  mainly  due 
to  an  equilibrium  segregation  phenomenon.  Thus,  it  appears  that  yttrium  solubility  in 
alumina  (in  the  bulk  and  along  grain  boundaries)  increases  when  the  oxygen  pressure 
decreases.  The  alumina  grain  growth  is  limited  by  the  yttrium  segregation  along  grain 
boundaries  (or  the  garnet  precipitation  for  the  highly  doped  material).  Toughness 
measurements  indicate  that  yttrium  in  solid  solution  associated  to  defect  complexes 


(ni+niVS-+nOi) 


2(m-n)* 


or  segregated  along  grain  boundaries  slightly  increase  the 


alumina  toughness  when  compared  to  materials  for  which  yttrium  is  precipitated  as  a 
garnet  Y3AI5O12  phase  (highly  doped  alumina  or  heat-treatment  in  air). 
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FIGURE  2  Toughness  measurements  on  undoped  and  Y2O3  doped  as  sintered  aluminas. 
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THE  GIGANTIC  IONS  OF  CHROMIUM  IN  RUBY 
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The  experimental  data  on  photoconductivity,  X-ray  luminescence,  thermoluminescence,  and  optical  absorption  of 
corundum  single  crystals  doped  with  chromium  testify  to  the  existence  of  gigantic  ions  of  chromium  in  corundum 
lattice. 
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1  ENfTRODUCTION 

Experimental  data  on  photoconductivity  of  ruby  crystals,  1.)  the  unexpected  low 
(unexponential)  concentration  dependence  of  transverse  photocurrent  jy  in  external  field 
E_LC\  2.)  very  high  speed  of  photoinduced  charge  transfer  1/r  >  10^  s“^  and  its 
independence  on  temperature  up  to  180  K^,  allowed  Prof.  Vikhnin  to  make  the  assumption 
about  existence  of  an  unusual  state  of  chromium  ions,  named  Big  Radius  State  (BRS),^  in 
ruby  crystals. 

Experimental  results  on  X-ray  luminescence,  thermoluminescence  (TL)  and  optical 
absorption  confirm  this  assumption. 


1.1  Luminescence 

X-ray  luminescence  spectra  of  sapphire  crystals  contain  a  wide  composite  band  in  UV- 
region  extended  from  5  to  3  eV  and  band  in  red  region  that  is  due  to  chromium  ions,  which 
always  is  present  as  impurity  in  sapphire  crystals  (Figure  1).  The  increase  of  chromium 
contents  up  to  sufficiently  low  concentration  of  about  0.01  weight  %  sharply  changes  the 
appearance  of  luminescence  spectrum.  The  intensity  of  chromium  band  increases  and 
UV-band  disappears  completely,  and  it  is  not  induced  even  under  irradiation  by  high- 
energetic  electrons  (5  MeV)  and  in  a  high-current  accelerator  of  electrons  at  electron 
energy  300  keV  at  current  1000  A  in  impulse  (Figure  1). 

1.2  Thermoluminescence 

The  heating  of  sapphire  crystal  (irradiated  at  room  temperature)  from  300  to  700  K  arises 
from  4  to  7  TL  glow  peaks,  depending  on  crystal  quality.  The  most  high-temperature  TL 
glow  peak  at  630  K  is  due  to  chromium  impurity.  It  should  be  emphasized,  that  TL  glow 
curves  appear  to  have  a  strong  dependence  on  crystal  origin.  It  varies  for  crystals  grown  in 
different  redox  atmosphere"^  and  depends  on  growth  technique  more  than  on  quality  of 
used  charge.^’^ 

The  most  intense  TL  is  observed  from  crystals  grown  by  Vemeuils  method.^’®  Ruby 
crystals  are  usually  grown  by  Vemeuils  method,  therefore  they  have  characteristics  of  a 
large  TL  spectrum.  However,  the  intensity  of  non-chromium,  low-temperature  TL  peaks 
decreases  as  the  increase  of  chromium  concentration.  Only  one  high-temperature  TL  peak 
caused  by  chromium  remains  in  the  laser  crystal  (concentration  0.034  %  Cr),  as  is  shown 
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FIGURE  1  X-luminescence  spectra  of  sapphire  (1)  and  ruby  (2)  crystals. 


in  Figure  2.  This  TL  peak,  contrary  to  all  known  peaks'*’^  shifts  to  low  temperatures 
approximately  on  50—80  K  as  the  dose  increases.  The  peak  intensity  has  an  extreme  nature 
with  Cr  concentration.  The  highest  peak  occurs  at  0.02%  Cr  then  decreases  to  zero  at  0.2% 
Cr.*>’ 


1.3  Optical  Absorption 

Irradiation  of  ruby  crystals  creates  Cj^+  and  Cr^+  centers  that  cause  the  appearance  of 
additional  absorption,  which  spectrum,  after  irradiation  of  the  crystal  with  high-energy 
electrons  at  a  fluency  of  10*^  cm“^,  generally  coincides  with  that  reported  in  ref.'®’” 
Absorption  bands  at  468  nm  (2.64  eV)  and  230  nm  (5.4  eV)  are  ascribed  to  C?+  ions.'^ 
All  bands  are  saturated  at  dose  10^  Gy  and  are  totally  annealed  at  temperature  700  K. 

It  is  worth  noting  for  the  aim  of  our  work  the  behavior  of  additional  absorption  of 
crystals  with  different  chromium  concentration.  Bessonova  et  al.^  have  shown  the 
dependence  of  absorption  coefficient  under  X-ray  irradiation  on  chromium  concentration, 
that  has  an  extreme  nature  with  maximum  at  0.04  weight  %. 

In  the  same  paper,  the  dependence  of  absorption  coefficient  at  2.65  eV  of  photon 
energy,  during  and  after  X-ray  irradiation,  is  shown  for  crystals  with  concentration  0.005 
and  0.115  weight  %.  In  the  first  case,  the  coloration  remains  constant  for  an  indefinitely 
long  time  after  irradiation  termination  and  in  the  second  one,  the  crystal  is  decolored 
rapidly.  The  additional  absorption  does  not  appear  totally  at  chromium  concentration 
0.2  weight  %,  which  is  similar  to  TL  response  at  such  concentration. 


FIGURE  2  XL  glow  curves  for  corundum  crystals  with  0.001  weight  %  Cr  (1)  and  0.034  weight  %  Cr  subjected 
to  1  min  irradiation  in  electron  accelerator. 


2  DISCUSSION 

All  experimental  data  mentioned  above  can  be  explained  most  naturally  by  the  existence  of 
a  chromium  ion  state  with  a  big  capture  radius  of  charge  carriers. 

A  sufficiently  low  concentration,  chromium  ions  trap  all  free  charge  carriers  induced 
under  irradiation.  Therefore,  all  recombination  processes  with  the  emission  of  light  occur 
only  with  chromium  ions,  that  is  why  we  observe  only  a  red  emission  of  chromium  ions. 
This  does  not  occur  with  other  impurities.  At  the  presence  Ti,  Sc,  Mg,  Mn,  and  other 
impurities  in  a  crystal  with  the  concentration  of  about  0.1  weight  %,  i.e.  at  least  on  the 
order  of  magnitude  greater  than  in  the  case  of  chromium,  the  intrinsic  emission  of  impurity 
ions  appear,  as  well  as  the  emission  intrinsic  to  undoped  corundum,  and  the  chromium 
emission  in  the  red  region  of  the  spectrum  and  the  structural  defects  in  the  uv-region 
remain. 

This  phenomenon  becomes  most  apparent  in  the  experiment  reported  by  Bessonova  and 
Akulenok.^^  The  chromium  impurity  at  different  concentrations  has  been  introduced  into 
corundum  crystal  that  contained  0.05  weight  %  Ti.  It  is  known  that  titanium  ions  are 
responsible  for  blue  luminescence  with  the  maximum  at  2.9  eV.^"^  The  blue  luminescence 
is  almost  suppressed  already  at  chromium  concentration  0.01  weight  %,  i.e.,  much  less 
than  titanium  concentration. 
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From  the  point  of  view  of  a  big  radius  state  of  chromium  ions,  the  experimental  results 
on  TL  and  optical  absorption  are  explained  by  the  most  organically  way. 

A  part  of  free  charge  carriers  captured  by  chromium  ions  increases,  and  those  which  are 
trapped  by  other  defects  decreases  as  chromium  concentration  increases.  At  certain 
sufficiently  low  chromium  concentration,  chromium  ions  overlap  all  volume  of  crystal  and 
TL  glow  peaks  caused  by  other  defects  disappear. 

The  big  radius  chromium  ions  created  during  irradiation  can  move  through  crystal  by 
hopping  at  chromium  concentration  0.1  weight  %,  and  can  meet  a  chromium  ion  of 
contrary  charge  and  recombine  with  them.  The  additional  absorption  decreases  after 
irradiation  termination,  and  for  some  time,  disappears  totally.  At  concentration  0.2  weight 
%  Cr,  the  recombination  already  occurs  very  intensively  during  irradiation  process  and 
additional  absorption  does  not  appear  and  it  concerns  also  to  TL  response  absence  at  such 
concentration  of  chromium. 

The  wave  functions  overlapping  of  both  BRS  and  Cr^+  ions  have  no  place  in  crystal 
with  small  Cr  concentration  so  the  hopping  diffusion  is  suppressed  and  additional 
absorption  remains  for  a  long  time. 

Thus,  under  irradiation  of  ruby  crystal  with  ionizing  radiation  the  uncommon  big 
chromium  ions  are  created  that  can  relax  in  basic  state  or  move  through  the  lattice  by  a 
hopping  diffusion  for  a  sufficiently  long  lifetime. 

Preliminary  estimations  of  BRS  radius  have  a  value  of  approximately  5.0  nm,  i.e.,  the 
BRS  size  is  two  orders  of  magnitude  greater  than  Bohr  radius. 

This  state  has  probably  a  positive  charge  with  respect  to  the  lattice. 
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The  luminescence  excitation  spectra  of  a:“Al203  were  measured  in  the  spectral  range  from 
400  to  640  nm. 

Immediate  luminescence  spectra  are  superposition  of  different  spectral  regions  with  the 
centre  of  gravity  on  the  wavelengths  450, 480, 550  nm  and  intensive  region  with  maximum 
at  620  nm. 

The  obtained  spectra  were  analized  and  several  assumptions  are  proposed  for  explanation 
the  nature  of  short  life-time  structural  defect  formation  in  a-Al203  under  SR  irradiation. 

Charge  carriers  absorption  accompanied  by  their  luminescence  is  observed  in  a:-Al203 
exposed  to  a  beam  of  KeV  electrons  (with  an  energy  less  than  the  threshold  energy  of 
~  0.45  MeV)  with  heavy  current  and  picosecond  pulses.*’^ 

The  present  report  considers  the  study  of  the  nature  of  short  life-time  defect  formation 
in  q:-A1203  under  picosecond  X-ray  SR. 

The  study  of  a-Ai203  luminescence  spectral  characteristics  is  carried  out  on  the  SR 
channel  of  VEPP-3  storage  ring.  The  corundum  crystals  grown  by  the  horizontally  oriented 
crystallization  method  are  excited  by  a  SR  ‘white’  beam  in  the  energy  region  from  0.124 
to  124  KeV  with  T  =  100  ps  pulses. 

The  kinetics  of  the  rising  and  decay  of  SR  luminescence  (SRL)  is  shown  in  Figure  1 
where  one  can  see  a  compound  character  of  the  luminescence  spectrum.  At  first  a  weak 


FIGURE  1  Luminescence  excitation  in  a-Al203  using  the  SR. 
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part  is  observed  which  is  either  the  ‘tail’  of  the  exciting  impulse  or  the  ultrafast  component 
with  a  duration  of  less  than  0.5  ns.  Further,  one  can  observe  an  intensive  increase  of  SRL, 
this  being  in  a  good  agreement  with  the  law  of  n  -  n^.  (l-exp(-t/T,)),  where  =  0.4  ns. 
After  that  the  intensity  falls  down  according  to  n  =  n^.  exp(-t/T2),  where  T2  =  1.2  ns  and 
long  time  luminescence  (T3  >  6  ns)  occurs. 

As  shown  in  Figure  2a,  the  spectrum  of  SRL  consists  of  a  clearly  observed  maximum 
of  620  nm,  a  wide-band  range  with  its  centre  of  gravity  at  550  nm  and  an  intensive 
luminescence  at  the  blue  and  ultraviolet  regions.  Besides,  weakly  expressed  regions  of 475, 
500  and  500-530  nm  are  revealed  in  the  spectrum. 

In  T=  4 1  ns  the  immediate  spectrum  is  changed,  i.e.  the  band  of 472  nm  almost  disappears 
and  the  wide-band  maximum  is  relaxed.  After  a  time  interval  of  82  ns  one  can  see  a  maximum 
only  at  620  nm  and  in  the  region  with  the  centre  of  gravity  at  400  nm,  what  has  been 
observed  by  us  at  77  K  (zero  phonon  line  at  395  nm  with  phonon  reiterations). 


FIGURE  2  a)  The  kinetics  of  the  decay  of  immediate  luminescence  spectra  in  a-AhOj.  b)  The 
photoluminescence  spectrum  of  a-Al203  irradiated  by  electrons  with  dose  3  x  lO'"  e/cm^  =  450  nm). 
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THE  SHORT  LIFE-TIME  DEFECT  FORMATION  IN  a-Al203 

It  should  be  noted  that  in  the  photoluminescence  spectrum  the  bands  of  550  and  620  nm 
appear  at  continuous  irradiation  by  50  MeV  electrons  and  2  MeV  neutrons  (Fig.  2b),  as 
well  as  at  a  pulsed  SR  excitation. 

We  offer  the  following  mechanisms  to  interprete  the  results  obtained: 

1 .  the  SR  quanta  intensively  induce  free  thermal  carriers  such  as  electrons  and  holes  from 
the  depth  of  the  zone.  It  is  known  that  the  thermal  electron’ s  life  time  is  about  10'^  -10“‘ V 
what  is  two  orders  of  magnitude  less  than  the  observed  time  of  decay  (Fig.  1).  As  far  as 
the  exponential  decay  law  is  characterized  as  a  first-order  kinetics,  the  number  of  the 
carriers  with  like  sign,  thermalized  off  the  zone  is  much  smaller  because  of  different 
location  of  the  conduction  band  minimum  and  the  valence  band  maximum.^ 

2.  another  channel  of  carriers  localization  can  be  the  growth  defects,  point  F-,  F%  F^% 
V-centres^  and  [AljFJ-type  complex  centres.  These  centres  capture  the  carriers  and 
disturb  their  balance. 

3.  at  irradiation  with  SR  quanta  of  KeV  energies,  there  can  take  place  an  underthreshold 
defect  formation  in  a-Al203.  The  hypothesis  of  Indenbom,"^  i.e.  ‘radiation  shaking’,  can 
be  successfully  applied  to  the  theory  of  defect  formation  in  a:-Al203,  We  assume  that 
the  high-intensity  SR  irradiation  leads  to  elastic  wave  formation  due  to  interaction  of 
SR  quanta  with  the  corundum  lattice.  As  a  result  of  the  elastic  wave  reflection  from  the 
atom  sites  and  their  meeting  with  the  forward  wave,  a  standing-wave-type  interference 
occurs,  which  is  able  to  kick  out  the  ions  from  the  sites,  forming  the  short-lived  excited 
Frenkel  pairs.  The  life-time  of  these  pairs  depend  on  the  impurity  concentration  and 
growth  defects. 
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The  Ionic  Thermocurrent  (ITC)  technique  probes  a  relaxation  mechanism  in  both  polycrystalline  and  monocrystal 
dolomite,  at  189  K.  Dielectric  characterization  shows  that  it  is  dipolar  and  is  probably  related  to  the  defect 
structure  of  the  calcium  sublattice. 


1  INTRODUCTION 

The  knowledge  of  the  physical  properties  of  carbonates  can  extend  their  industrial 
applications  and  uses.*  Dolomite  (CaMg(C03)2)  is  a  mixed  ionic  material  proper  for 
studying  the  dielectric  relaxation  in  relation  to  the  end  members  relaxation.  In  Ae  present 
work,  the  Thermal  Depolarization  (TD)  or  Ionic  Thermocurrent  technique  (ITC)  is  used  as 
a  probing  method  for  deeper  insight  of  ionic  relaxation. 


2  EXPERIMENTAL  DETAILS 

Polycrystalline  dolomite  from  Greece  and  monocrystals  from  Oberdorf,  Austria  were 
studied.  The  chemical  analysis  results  for  the  polycrystals  are:  Loss  on  ignition:  46.91%, 
SiO2:0.20%,  Al2O3:0.12%,  Fe203:0.04,  CaO:30.51%,  MgO:2L81%.  Information  about 
the  monocrystals  have  previously  been  reported.^  Additional  atomic  absorption  analysis 
for  the  impurity  content  of  polycrystals  gave:  Mn^+:0.02%wt,  Sr^+:0.02%wt  and  for  the 
monociystals  Sr^+:0.02%wt.  Details  about  the  ITC  apparatus  used  has  been  given 
elsewhere.^ 


3  RESULTS  AND  DISCUSSION 

An  intense  peak  (Figure  la)  of  the  low  temperature  thermal  depolarization  spectra  of 
polycrystal  dolomite  maximizes  at  Tm  =  189  K.  The  peak  positioned  around  140  K  is 
related  to  the  Mg^+  sublattice,  because  it  is  also  detected  in  MgC03  (the  results  will  appear 
in  a  forthcoming  paper)  while  it  is  completely  absent  in  CaC03."^  The  189  K  band  is 
insensitive  to  the  electrode  material  used  (platinuum,  bronze,  teflon,  silver  paste,  graphite) 
and  to  the  sample  thickness,  by  keeping  Ep  the  same.  The  results  strongly  indicate  the 
dipolar  character  of  the  mechanism.  Annealing  at  400°C  for  30  min  and  subsequent 
quench  to  room  temperature  results  in  a  decrease  of  the  peak  amplitude  (Figure  la). 
The  mechanism  is  also  insensitive  to  mechanical  treatment  (bending)  of  the  sample. 
Peak  cleaning^  isolates  the  dominant  mechanism  with  parameters:  E  =  0.53  eV, 
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FIGURE  1(a)  ITC  of  as  received  (dashed  line)  and  thermally  treated  at  400°C  for  30  min  (solid  line) 
polycrystalline  dolomite.  In  both  cases  the  sample  was  polarized  at  Tp  =  200  K.  The  heating  rate  was  3  K/min. 
(b)  Isolation  of  the  189  K  band  in  monocrystal  dolomite  by  polarizing  at  Tp  =  180  K  for  a  too  short  period  of 
time  (tp  =  1  —  2  sec). 


IONIC  THERMOCURRENT,  THERMAL  DEPOLARIZATION,  DOLOMITE 
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To  =  1.22  X  10“^^  sec.  By  partial  heating^  we  get  E  =  0.5-0.62  eV.  In  monocrystal 
dolomite  we  have  also  isolated  a  peak  located  at  Tm  =  189  K  as  well  (Figure  lb).  Due  to 
neighbourhooding  overlap,  we  evaluated  by  partial  heating^  the  activation  energy  to  be 
E  =  0.5—0.75  eV.  The  above  mentioned  dispersion  is  also  detected  in  calcite  (CaCOa)"^ 
while,  in  our  preliminary  experiments,  is  absent  in  MgCOs.  Consequently,  it  involves  the 
relaxation  of  the  defect  structure  of  the  calcium  sublattice.  The  dipolar  characteristics  and 
the  thermal  treatment  probably  indicate  the  existence  of  impurity-vacancy  complexes.  By 
comparison  of  the  impurity  content  of  all  carbonates  studies  we  speculate  that  the  defect 
dipoles  come  from  Ca^"^  substitution  by  Al^^.  The  distribution  of  Sr^"^  to  interstitial^  or 
Ca^”^  lattice  sites  in  relation  to  the  lattice  constant  of  carbonates  may  also  favour  the 
creation  of  defect  dipoles.  A  previous^  explanation  for  the  rotation  of  distorted  C03^~ 
tetrahedra  is  rejected  as  it  should  stimulate  the  same  band  also  in  MgCOa. 
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DEFECTS  AND  FEATURES  OF  ION-ELECTRON 
PROCESSES  IN  GARNETS 

A.  E.  NOSENKO  and  V.  N.  SHEVCHUK 

Depart,  of  Physics,  Lviv  University,  50  Dragomanov  Str.,  290005  Lviv,  Ukraine 

The  results  of  the  electroconductivity  investigations,  the  thermal  polarization  and  the  depolarization  currents  of 
some  gallium  garnet  monocrystals  are  considered.  Models  of  the  transport  processes  realized  during  heating  from 
80  to  1200  K  are  proposed.  Major  point  defects  are  cation  and  anion  vacancies  and  their  aggregates  in  different 
charge  states.  The  /?-type  of  conductivity  is  connected  with  0“-type  centres. 

Key  words:  electroconductivity,  polarization,  thermally  stimulated  depolarization,  gallium  garnet,  point  defect, 
electret  state. 


1  INTRODUCTION 

Application  of  rare-earth  (RE)  gallium  garnet  (GG)  or  its  perspective  in  quantum 
electronics  result  in  considerable  quantity  of  publications  on  impurity  centres  spectro¬ 
scopy.  However  fundamental  defects  are  insufficiently  studied  and  their  nature  is  being 
discussed.  We  carry  out  the  phenomenological  consideration  of  most  probable  equilibrium 
point  defects  in  respect  to  the  physico-chemical  crystal  growth  conditions,  the  structural 
features,  the  deviation  from  stoichiometry  and  local  charge  compensation  for  the  scheme: 
a).  Cation  (Vc)  and  anion  (Vo)  vacancies  in  different  charge  states,  b).  Vacancies  couple 
(dipole  centres),  in  particular,  the  interrelation  Vc  —  Vo  (dipolons).  c).  Cations  in  ‘strange’ 
cation  positions.  Vacancies  Voa  and  Vo  prevail.  Concentration  of  the  Voa  dominate.  The 
Vc  —  Vo  dipolons  are  effective  centres  of  holes  (p)  occupation  due  to  incomplete  charge 
compensation  of  the  Vc  by  Vo.  The  concentration  of  electronic  defects  {p,  e)  are  minor 
from  ionic.  The  holes  prevail. 

Such  defects  I)  cause  considerable  number  of  local  levels  in  forbidden  gap,^  11) 
determine  localization  and  movement  delocalizating  of  charge  carriers  (type  and 
mechanism  of  electroconductivity,  polarization  effects  etc),^’^  III)  modify  photosensitivity 
and  mechanism  of  selective  /-photoconductivity  of  REGG^’^  which  is  realized  for  RE-ions 
/-bands  absorption  in  200  400  nm  region,  TV)  cause  the  lattice  parameters  variation,^  V) 

forme  additional  absorption  spectra^  etc. 


2  EXPERIMENTAL  METHODS 

The  investigated  garnet  monocrystals  R3Ga50i2  (R-RE-ions)  and  isostructural 
Ca3Ga2Ge30i2  (CaGGG)  were  grown  by  Czochralsky  method.  The  currents  of 
electroconductivity,  of  thermally  stimulated  polarization  (TSP)  fysp  and  thermally 
stimulated  depolarization  (TSD)  /tsd  thermal-  and  photoelectret  states  (TES  and  PES) 
are  analyzed.  The  details  of  investigation  are  traditional  and  are  described  in.^’^  The 
mechanism  of  polarization  from  space-charge  (SC)  and  dipolar  (D)  positions  was 
established  for  TSP  and  TSD  spectra  using  the  method  of  variation  of  polarization 
conditions  (applied  voltage  C/p,  temperature  Tp,  time  Tp  and  wavelength  of  excitation  light 
Ap  in  PES  case,  too).  The  determination  and  calculation  of  the  relaxation  parameters  are 
carried  out  in  accordance  with  known  theories.^  The  thickness  of  samples  is  0.5  mm,  the 
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I  c/p  =  400  V,  I  rp=200  s;  II  C/p  =  30  V).  The  PES  is  formed  at  Ap  =  290  400  nm  and  blocking  electrodes.  The 

curves  la,  Ic,  lie,  IHc  are  corresponding  to  TSD  of  PES;  Ha,  Ib  Ilb,  IVc,  Id  -  TSD  of  TES;  Illb,  Hd  are  TSP 
spectra. 

heating  velocity  is  0.15  K/s. 


3  ELECTRICAL  CONDUCTIVITY 

Electrical  conductivity  g  of  REGG  and  CaGGG  was  measured  in  the  temperature  range 
T  =  300  —  1200  K  in  vacuum  (I)  and  air  (II)  atmosphere.  The  dependence  (t(T)  is 
approximated  by  law  a  ~  expi-EJkT),  here  k  is  Boltzman’s  constant.  The  parameter  Ea 
are  shown  in  the  Table  1.  The  value  of  forbidden  gaps  Eg  width  are  presented  also  here. 


4  TSD  SPECTRA 

The  typical  TSD  curves  of  some  garnets  are  displayed  in  Figure  1.  The  basic  relaxation 
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FIGURE  2  The  intensity  of  corresponding  to  Figure  1  peaks  vs  polarizational  conditions  (Up  and  Tp)  in  SmGG 
(a,  b,  3c),  GdGG  (d)  and  CaGGG  (11c). 

The  curves  3c  and  11c  corresponding  to  TSP  peaks,  in  other  cases — ^TSD  peaks. 


processes  investigation  results  conditioned  by  SC  and  D~orientation  effects  are  shown  in 
Table.  11.  Dipolar  TSD  peaks  for  dipolons  Vc  —  Vq  are  connected.  The  excitation  (hole  is 
captured  by  such  centres)  at  200  400  nm  light  irradiation  (Figure  Ic)  in  external 

electrical  field  even  at  T  «  of  corresponding  TSD  peak,  stimulates  the  reorientation 
and  induces  the  dipolar  polarization.  In  particular,  the  features  of  electronic  structures  of 
each  crystal  result  in  the  difference  of  corresponding  TSD  spectra  of  TES  and  PES.  The 
TSD  peak  N1  is  inducted  by  thermal  and  optical  excitation.  The  elementary  simetrical 


254 


A.  E.  NOSENKO  AND  V.  N.  SHEVCHUK 


peak  N5  is  observed  only  in  TSD  of  PES  case.  In  the  CaGGG,  owing  to  absence  of 
photoconductivity,  the  PES  is  no  formed. 


Table  I 

Data  of  the  investigation  of  the  conductivity  of  some  REGG,  pure  CaGGG  and  Cr^"^,  Nd^"^  (0.02  at.%)  doped 

CaGGG  crystals. 


Crystal 

(eV) 

(7(10-1= 

T(K) 

Ohm  ^cm 

I 

II 

T(K) 

Ea  (eV) 

I 

n 

NdGG 

4.9 

300 

0.062 

430  ^ 

500 

1.77 

SmGG 

5.2 

300 

0.061 

430 

500 

1.92 

GdGG 

5.4 

300 

0.044 

0.12 

430 

500 

1.80 

470 

91 

550 

CaGGG 

5.5 

300 

0.1 

40 

300  ^ 

350 

1.23 

450 

470 

5500 

350  -F 

500 

1.58 

1200 

2  X  10^^ 

470  ^ 

1200 

1.09 

CaGGG:Cr 

300 

4.6 

2000 

300  ^ 

350 

0.12 

450 

660 

8040 

390  -h 

450 

0.25 

450  ^ 

500 

0.53 

500  ^ 

570 

1.14 

CaGGG:Nd 

1000 

8  X  10^ 

870  1200 

1.09 

Table  2 

Temperatures  Tm  of  the  TSD  maxima,  energies  of  activation  Et  concentration  of  some  electrical  active  centres 
Mo  and  their  frequency  factor  for  garnet  crystals.  Numeration  of  peaks  corresponds  to  Figure  1. 


Crystal 

Peak 

number 

TrniK.) 

Et  (eV) 

Mo 

(10®  Cm-®) 

(10®s-') 

Nature 
of  peak 

NdGG 

1 

171 

0.33 

0.61 

0.2 

SC 

2 

320 

0.80 

0.39 

7,5 

D 

SmGG 

3 

306 

0.56 

0.62 

2.1 

D 

4 

420 

2.00 

SC 

GdGG 

5 

161 

0.23 

1.95 

0.15 

SC 

6 

312 

0.57 

2.08 

11.0 

D 

7 

370 

0.64 

2,25 

2.8 

SC 

8 

390 

0.67 

2.85 

2.3 

SC 

9 

412 

0,71 

1.50 

8.1 

SC 

10 

450 

0.78 

2.4 

SC 

CaGGG 

11 

320 

1.00 

78000 

92000 

D 

12 

335 

1.02 

38400 

D 

13 

350 

1.04 

20000 

D 

14 

480 

1.10 

SC 

The  results  of  polarization  condition  influence  on  intensity  (/^)  of  some  distinguische 
TSD  or  TSP  peaks  Figure  2  are  presented. 


5  CONCLUSIONS 

The  simplified  evolution  picture  of  the  ion-electronic  processes  in  REGG  and  in  CaGGG 
due  to  the  temperature  change  at  80  -F  500  K  range  in  conformity  with  the  experimental 
results  are  described  corresponding  to  the  several  stages.  1).  The  /^-localization  on 
corresponding  defects  (T  <  160  K).  2).  The  possibility  of  individual  p-  or  ^-hops  in 
boundaries  of  the  complete  anion  (cation).  Correlational  /?-  (^^j-hops  from  site  to  site  are 
prevailing.  We  give  preference  to  0“-type  centres  (T  <  300  K).  3).  Reorientation  of  the 
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dipolons  because  of  more  mobile  component  transference  (T  320  K).  Dipoles  of 
impurity  ion- vacancy  type  are  not  considered.  4).  Ionic  processes  are  active.  Mass 
-migration.  The  a  is  sharply  rising  (T  >  400  K). 

Analogical  appearance  TSD  curves  of  PES  (formation  0“  centres,  the  same  quantity 
TSD  peaks  etc)  at  variable  Ap  and  also  Ap  =  275  nm  (/’-transition  of  Gd^"^  in  case  of 
GdGG)  confirms  the  conception  that  the  /-photoconductivity  mechanism^  demands  the 
inclusion  of  electronic  shel  of  ligands  (in  particular,  2p-states  of  oxygen)  together  with 
excitation  R^'^-ions  states. 
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DIELECTRIC  RESPONSE  OF  NATURAL  ZEOLITE 
(STILBITE)  SINGLE  CRYSTALS 

J.  M.  KALOGERAS  and  A.  VASSILIKOU-DOVA 

University  of  Athens,  Department  of  Physics,  Section  of  Solid  State  Physics, 
Panepistimiopolis,  157  84  Zografos,  Athens,  Greece 

The  dielectric  properties  of  single  crystals  of  the  natural  zeolite  stilbite  were  studied  employing  two 
complementary  methods;  the  Thermally  Stimulated  Depolarization  Currents  (TSDC)  technique  applied  over  the 
temperature  range  77-300  K  and  the  Dielectric  Relaxation  Spectroscopy  (DRS)  method  with  frequency 
measurements  over  the  range  5  mHz-1  GHz.  A  distinct  contribution  to  the  dielectric  relaxation  response  of  the 
mineral  arises  from  the  activated  hopping  of  Na’*'  counterions  between  vacant  interstitial  sites,  and  is  described  by 
both  TSDC  and  dielectric  measurements. 

Key  words:  2^olites,  Stilbite,  Depolarization  Currents,  Dielectric  Relaxation. 


1  INTRODUCTION 

Zeolites  constitute  a  prominent  category  of  high  surface  area  inorganic  solids  with  natural 
and  synthetic  members  extensively  used  in  research  and  industry.^  Their  three-dimensional 
network  of  interconnected  large  molecular  cavities  contains  a  variety  of  extraframework 
cationic  species;  which  counterbalance  the  net  negative  charge  of  the  framework,  and 
posses  a  considerable  freedom  of  movement.  Moreover,  they  have  the  remarkable  ability 
to  retain  within  the  structural  cavities,  water  molecules  up  to  30%  by  weight.  In  the  stilbite 
lattice  two  principal  cation  sites  exist.  The  first,  at  the  centre  of  the  main  channel  parallel  to 
a-axis,  is  fully  occupied  by  Ca^"^  cations,  each  of  which  is  surrounded  by  8H2O  molecules. 
A  second  Na”^ -binding  site  of  low  occupancy  is  again  in  the  main  channel  but  nearer  to  the 
lattice,  so  that  Na"^  is  coordinated  with  lattice  oxygens  and  4  water  molecules. 


2  EXPERIMENTAL 

All  the  investigated  samples  were  transparent  colourless  crystals  (Poona,  India)  of  typical 
dimensions  7x7x1  mm.^  The  chemical  analysis  resulted  in  the  formula: 
Ko.05Nao.86iCa3.97Feo.o3Al8.28Si27.55072*30H20.  Details  for  the  sample  pretreatment 
procedures,  basic  aspects  of  the  theoretical  background  of  the  TSDC  and  DRS  methods, 
and  the  experimental  apparatus  used  have  been  given  elsewhere.^ 


3  RESULTS  AND  DISCUSSION 

For  natural  stilbite  single  crystals,  two  thermocurrent  bands  (B  and  C  in  Figure  1)  emerge 
in  the  intermediate  temperature  range  of  the  TSDC  spectra.  The  dipolar  origin  of  band  B  is 
supported  by  (i)  its  positional  stability  around  210  K  in  all  TSDC  runs,  and  (ii)  the 
consistent  behaviour  in  experiments  with  use  of  the  thermal  sampling  (TS)  method^  or 
with  blocking  electrode  configurations  (Figure  1).  The  decrease  in  the  band  amplitude  in 
the  MISM  and  MISIM  electrode  configurations  is  not  inconsistent  with  a  dipolar 
interpretation^  and  is  related  with  a  decrease  of  the  internal  electric  field,  partially  by  the 


257 


MOLECULAR  MOBILITY  IN  HYDRATED  STILBITE 


259 


FIGURE  2  Variation  of  the  kHz  dispersion  for  stilbite  single  crystal.  The  dielectric  relaxation  spectra  were 
obtained  at  343  K,  in  vacuum  and  employing  blocking  FEP  electrodes.  Absorption  I  was  recorded  after  2  hours 
under  vacuum  conditions,  and  II,  III  and  IV  for  1 ,  2  and  3  days  respectively. 

formation  of  charged  layers  on  the  sample-electrode  surface  contact.  Applying  an 
Arrhenius  type  equation  for  the  relaxation  time  [t{T)  =  Toexp{W /kT)]  the  mean  values  of 
the  distributed  dipolar  relaxation  parameters  were  found  to  be  W  =  0.55  eV  and 
To  =  2.49  X  10“^^  sec.  The  relaxation  parameters  have  derived  from  Arrhenius  plots 
{Inr  \/T)  and  a  measure  of  the  distribution  width  has  been  given  from  the  analysis  of 
the  partial  TSDC  curves  obtained  with  the  TS  technique.^  The  energy  barrier  value  (W) 
shows  consistency  when  compared  with  those  from  formulae  using  band  shape 
parameters.^ 

For  the  dielectric  dispersion  centred  at  a  frequency  of  0.2  kHz  at  room  temperature  the 
relaxation  parameters  were  found  to  be  W  =  0.59  eV  and  Tq  =  0.1  x  10~^^  sec.  Our 
interpretation  of  this  kHz  dispersion  as  a  cationic  jump  relaxation  is  being  supported  by 
investigations  in  other  zeolitic  systems,  which  designate  this  region  as  the  primary  cations 
relaxation  frequency  band.^“^  Several  factors  indicate  that  both  the  relaxational  peak  B 
and  the  kHz  dielectric  dispersion  shown  in  Figure  2  can  be  attributed  to  the  same  cation 
diffusion  mechanism  over  potential  energy  barriers  involving  interstitial  Na"^  ions  and  the 
vacant  Na“^ -binding  sites.  As  cationic  relaxations  in  zeolites  occur  between  well  defined 
extraframework  sites,  migration  necessitates  the  presence  of  vacant  host  sites.  This  is  not 
the  case  for  the  Ca^'^(H20)x  (x  =  8,  coordination  number)  complexes  which  fully  occupy 
their  sites.  Cation-cation  repulsions  and  steric  hindrance  effects  might  prevent  jumps  of  the 
Ca^'^(H20)y  (y  <  8,  hydration  number^)  complexes  at  Na"^  sites.  Thus  a  jumping  process 
of  the  highly  mobile  sodium  cations  appears  as  a  more  plausible  attribution.  The 
correlation  of  the  bands  is  supported  by  (a)  the  good  agreement  between  the  sets  of  the 
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dielectric  relaxation  parameters  obtained,  (b)  the  directly  related  dipolar  relaxation 
strengths  (Ae)  calculated  for  both  processes  (being  20.8  ±  3.6  for  band  B  and  23.5  ±  3.9 
for  the  DRS  dispersion),  and  (c)  interrelated  calculations  of  the  equivalent  critical 
frequencies  (fc)  and  thermocurrent  maximum  temperatures  (7a/).^  Similar  ion-jumping 
relaxation  processes  encountered  in  the  dielectric  literature  of  zeolitic  structures  have  been 
manipulated  as  resembling  to  the  rotational  relaxation  of  counterion-anionic  charged 
lattice  dipoles.^ 

The  thermal  curves  of  stilbite  show  three  main  water  losses  (DTG  and  DTA  peaks),  the 
smallest  one  being  at  343  K.^  The  magnitude  of  the  kHz  dispersion  with  the  sample  under 
vacuum  conditions  increases  only  within  the  first  two  days  and  appears  insensitive  for 
longer  times  of  evacuation.  This  could  suggest  that  the  gradual  desorption  of  H2O 
molecules,  at  343  K,  is  completed  within  the  second  day.  Higher  temperature  heating  has 
been  avoided  in  order  to  prevent  structural  damages.^  The  lowering  of  the  critical 
frequencies  (fc)  might  be  related  with  an  increase  in  W,  in  the  concept  of  the  polar  water 
molecules  reducing,  as  an  electrostatic  shield,  the  cation  attraction  from  the  anionic  lattice 
field.  By  varying  the  crystal  water  content  we  introduce  a  modification  of  the  factor 
W(1  +/)  which  determines  the  dispersion  strength,  where  is  the  trap  concentration 
and/  is  the  probability  of  their  occupancy  by  an  ion.  The  dielectric  response  of  the  zeolite 
materials  significantly  alters  in  the  presence  of  an  absorbate,^"^’^®  and  in  the  stilbite  case, 
the  desorption  of  water  molecules  occupying  cation  jumping  sites  apparently  increases 
mechanism’s  efficiency  (Figure  2). 

The  interpretation  of  band  C,  positioned  at  around  228  K,  is  rather  impossible  by  virtue 
of  the  current  results.  Arrhenius  plots  for  band  C  resulted  in  single  curves  (in  series  of 
experiments),  and  derived  relaxation  parameters  were  concentrated  around  two  distinct 
sets,  (0.85  eV,  10“^^  sec)  and  (1.55  eV,  10“^^  sec).  The  bands  shape  and  relaxation 
parameters  variations  could  imply  the  presence  of  two  different  mechanisms  which  appear 
independently  among  the  series  of  different  TSDC  runs  and/or  samples.  However,  the 
second  peculiar  set  of  parameters  can  not  be  interpreted  in  the  present  stage. 


4  CONCLUSIONS 

In  the  dielectric  spectra  of  natural  stilbite  contribute  several  processes  related  to  the 
mobility  of  the  various  extraframework  species.^  The  thermally  (TSDC)  and  electric  field 
(DRS)  induced  short  range  hopping  of  the  interstitial  sodium  ions,  gives  rise  to  a  ‘dipolar’ 
relaxation  process  with  distributed  relaxation  parameters,  and  relaxation  times  (r)  affected 
by  the  desorption  of  small  H2O  amounts  from  the  structural  cavities. 
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EPR  SPECTRA  OF  Cr^+  IONS  IN  LiNbOarZnO  AND 

LiNbOarCaO 
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The  electron  paramagnetic  resonance  spectra  of  Cr^*^  in  LiNbOa  co-doped  with  ZnO  or  CaO  6%)  have  been 
studied.  Both  impurities  give  rise  to  the  same  effect  as  that  observed  in  MgO-doped  samples:  a  strong  diminution 
of  the  anisotropic  (axial)  spectrum  reported  for  LiNbOa  :Cr  and  the  appearance  of  an  intense  and  isotropic  line. 
The  origin  of  this  line  in  the  co-doped  samples  is  discussed. 

Key  words:  LiNbOa,  EPR,  Cr. 


1  INTRODUCTION 

LiNbOa  is  an  important  non-linear  material  for  applications  in  optical  devices.  Various  of 
these  applications  are  related  to  dopant  ions  (transition-metal  or  rare-earth).  Therefore, 
knowledge  on  the  location  of  these  impurities  in  the  LiNbOa  lattice  is  important  to 
understand  the  properties  of  this  material.  On  the  other  hand,  LiNbOa  is  commonly  doped 
with  MgO  6%)  to  inhibit  photoinduced  damage  that  takes  place  through  the  so-called 
photorefractive  effect.  It  is  believed  that  Mg  ions  occupy  the  anti-site  positions  (Nb^"^  ions 
in  Li"^ -sites)  reducing  the  anti-site  concentration  in  congruent  LiNbOa*  Recently,  the 
location  of  Cr^"^  ions  has  been  studied  in  LiNbOa  :MgO  by  electron  paramagnetic 
resonance  (EPR)  and  ENDOR^’^  as  well  as  optical  spectroscopy.^’^  The  EPR  of  these 
samples  shows  the  same  axial  spectrum  as  for  LiNbOa  crystals,  although  of  much  lower 
intensity,  in  addition  to  a  new  isotropic  spectrum.  This  spectrum  has  been  attributed  to 
Cr  ions  at  the  Nb-site  (hereafter  denoted  as  Cr^^(Nb^'^))  perturbed  by  some  nearby  Mg^*^ 
ion.^"^  By  contrast,  the  axial  EPR  spectrum  observed  in  LiNbOa  :Cr  is  assigned  to  Cr  ions 
at  the  Li-site^  (denoted  as  Cr^^(Li'^)).  The  optical  studies  in  crystals  containing  MgO  show 
a  red  shift  in  the  ^^2  "^Ti  absorption  band,^  as  well  as  three  different  groups  of  R  lines 
attributed  to  Cr^'^(Nb^"^),  Cr^'^(Li'^)  (regular  lattice  sites)  and  Cr^'^(Nb^+)  perturbed  by 
Mg2+  ions.^’"^  In  order  to  make  a  consistent  interpretation  of  the  results  from  both 
techniques,  it  has  been  proposed^  that  most  Cr  ions  are  forming  Cr^'^(Nb^'^)-Cr^'^(Li'^) 
pairs  which  are  EPR  silent  due  to  an  antiferromagnetic  coupling  and  that  a  small  fraction 
of  Cr^'^(Li)  is  diluted  in  the  host.  This  small  part  of  non-paired  Cr  ions  being  solely 
responsible  for  the  axial  EPR  spectrum. 

It  has  been  recently  ascertained  that  other  ions  such  as  Sc^  or  Zn^  play  a  role  analogous 
to  Mg  avoiding  the  photorefractive  effect.  On  the  other  hand,  the  optical  spectroscopy 
studies  of  ZnO-doped  LiNbOsiCr  crystals,^  reveal  that  ZnO  produces  the  same  effect  as 
MgO.  Thus,  it  is  interesting  to  ascertain  whether  other  impurities  make  the  EPR  spectrum 
behave  in  the  same  way  as  Mg  does.  In  this  work,  we  have  studied  the  EPR  spectra  of  Cr^"^ 
in  LiNbOs  crystals  containing  ('^  6%)  ZnO  or  CaO  attempting  to  observe  signals  from 
Cr^'^(Nb^'^)  perturbed  by  Zn^"^  or  Ca^"^  ions,  respectively.  In  both  cases,  the  EPR  results 
are  similar  to  those  obtained  for  the  Mg-doped  crystals.  A  weak  axial  spectrum 
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FIGURE  1  EPR  spectra,  measured  at  RT,  of  LiNbOa  :Cr,  LiNb03:CaO;Cr  and  LiNbOaiZnOrCr.  In  all  cases  the 
magnetic  field  is  perpendicular  to  the  c-axis. 


EPR  OF  Cr3+  IN  Zn-  OR  Ca-DOPED  LiNbOa 
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corresponding  to  Cr^'^(Li+)  together  with  an  intense  and  isotropic  single  line 
(g  =  1.973  ib  0.003)  were  observed.  These  results  are  discussed  and  compared  with 
those  for  the  Mg-doped  samples. 

2  EXPERIMENTAL  DETAILS 

Congruent  LiNb03  crystals  were  grown  by  the  Czochralski  technique  in  our  laboratory 
from  grade  I  Johnson-Matthey  powder.  The  concentrations  of  dopants  (molar  fraction  in 
the  melt)  were  6%  for  Zn  or  Ca  ions,  and  0.5%  for  the  Cr  ion.  The  blocks  show  a  color 
distribution:  greenish  at  the  top  and  pink  at  the  bottom.  The  results  for  these  crystals  and 
for  the  Mg-doped  samples,  have  shown  that  the  pink  region  of  blocks  contains  the  higher 
concentration  of  Mg,  Zn  or  Ca  in  each  case.  Therefore,  samples  taken  from  the  pink  part 
were  used  for  our  studies.  The  LiNbOsiCa,  Cr  crystal  presents  an  inhomogeneous  aspect 
with  some  inclusions.  However,  the  x-ray  diffraction  patterns,  as  well  as  the  EPR  spectra 
confirm  that  samples  are  monocrystalline.  The  samples  were  oriented  by  x-ray  diffraction 
and  cut  with  their  faces  parallel  and  perpendicular  to  the  c-axis. 

The  EPR  spectra  were  obtained  with  a  Bruker  ESP  300  E  spectrometer  in  the  X  band 
with  100  kHz  field  modulation  frequency  at  room  temperature  (RT).  Accurate  values  of 
the  resonance  magnetic  fields  and  microwave  frequencies  were  measured  with  a  Bruker 
NMR  gaussmeter  (model  ER  035M)  and  a  Hewlett-Packard  frequency  meter 
(model  5342A),  respectively. 


3  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Figure  1  shows  the  EPR  spectra,  measured  at  RT  with  the  magnetic  field  perpendicular  to 
the  c-axis,  of  Cr^"^  in  LiNb03  as  well  as  LiNb03  containing  (~  6%)  ZnO  or  CaO.  The 
single-doped  sample  only  shows  the  anisotropic  spectrum  with  axial  symmetry  attributed 
to  Cr^'^(Li'^).*  In  the  double-doped  samples,  the  anisotropic  spectrum  is  very  weak  as 
compared  to  the  single  doped  sample.  Moreover,  the  samples  co-doped  with  Zn  or  Ca 
present  also  a  strong  isotropic  line  with  g  =  1.973.  This  line  coincides,  within  the 
experimental  error,  with  that  reported  for  the  Mg-doped  samples.^  In  that  case,  it  has  been 
proposed  that  the  isotropic  spectrum  is  due  to  Cr^"^  substituting  for  Nb^"^  being  perturbed 
by  Mg^"^  ions.^’^  It  is  interesting  to  note  that  the  symmetry  of  this  center  is  not  cubic. 
However,  it  has  been  shown^  that  if  the  Cr^"^  impurity  experiences  a  small  shift  (0.12  A) 
along  the  c  axis  with  respect  to  the  host  ion,  the  calculated  value  of  the  D  parameter 
in  the  spin-Hamiltonian  becomes  zero,  thus  producing  an  isotropic  line  in  the  EPR 
spectrum. 

The  coincidence  of  results  for  the  three  impurities  (Mg,  Zn  and  Ca)  is  a  surprising  fact  if 
one  accepts  that  the  isotropic  spectrum  is  related  to  Cr^'^(Nb^'^)  perturbed  by  the 
corresponding  divalent  ion.  In  fact,  the  perturbation  produced  by  the  divalent  ion  should  be 
somewhat  different  as  a  consequence  of  the  different  ionic  radii  values.  Thus,  as  the 
isotropic  line  is  the  same  in  the  three  cases,  it  must  be  concluded  that  the  perturbation  is 
very  weak  and  it  does  not  reveal  itself  in  the  EPR  spectrum.  Alternatively,  one  can 
consider  that  the  Cr^"^  responsible  for  the  isotropic  line  is  not  perturbed  by  any  divalent 
impurity  in  its  neighborhood.  In  this  case,  the  isotropic  line  would  be  due  to  the  intrinsic 
Cr^'''(Nb^'*")  center.  This  center  would  have  an  energy  minimum  when  Cr^^  is  shifted  from 
the  Nb^"^  lattice  position,  giving  D  =  0.  The  ENDOR  studies  performed  in  Mg-doped 
samples,^  show  that  the  two  nearest  Li+  neighbors  are  present.  Unfortunately,  this  result 
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does  not  elucidate  between  both  possibilities. 
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The  recent  development  of  the  infrared  stimulated  luminescence  (OSL)  of  feldspars  enhanced  their  importance  for 
geological  dating  in  the  last  100  000  years.  Unfortunately  this  application  is  hindered  by  the  phenomenon  of 
anomalous  fading  of  their  thermoluminescence  (TL)  and  OSL,  attributed  to  tunnel  effect  between  (D-A)  pairs.  In 
the  case  of  feldspars,  this  fading  is  very  frequent  and  so  far  unpredictable. 

A  systematic  comparative  study  of  the  tunnel  effect  in  afterglow  of  irradiated  feldspars  has  been  made  on  a 
collection  of  some  well  caracterised  32  different  samples  of  feldspar  crystals.  All  of  them  display  a  low 
temperature  afterglow  due  to  tunnel  effect  in  a  gaussian  near-infrared  band  centered  on  710  nm.  It  is  attributed  to 
Fe^^  ions  involved  with  the  so-called  phenomenon  of  ‘Al-Si  order-disorder’  in  occupation  of  sites  in  the  feldspar 
lattice.  This  effect  is  known  classically  in  mineralogy  and  crystallography  of  feldspars,  but  had  not  been  related  to 
tunnel  luminescence  so  far. 

This  tunnel  afterglow  constitutes  an  easy  criterion  of  TL  datability  of  feldspars. 

Key  words:  Thermoluminescence,  feldspars.  Point  defects.  Order-disorder.  Tunnel  effect.  Anomalous  fading. 


1  INTRODUCTION:  DATING  FELDSPARS  BY  TL 

Feldspars  cannot  be  introduced  as  a  new  family  of  materials.  But  investigation  of  their 
thermoluminescence  led  us  to  the  observation  of  unusual  phenomena,  which  call  for  new 
models  of  point  defects,  quite  different  from  F  or  V-like  vacancy  or  interstitial  defects. 


1 . 1  Feldspar  Structure 

Feldspars  are  among  the  most  common  materials  of  the  earth’s  crust. 

As  crystals,  they  may  be  thought  of  as  silica  (made  up  of  Si04  tetraedra  linked  by  their 
comers),  where  a  given  fraction  of  Si'^'^  atoms  are  substituted  by  Al^"^  in  the  centers 
(‘T’  sites)  of  tetraedra.  The  corresponding  unbalance  of  charge  is  compensated  by  atoms, 
Na^,  or  Ca^”^  which  enter  the  lattice  in  interstitial  positions.  Alkali  feldspars  are 
compensated  by  Na-K  mixtures,  with  a  25%  Al/Si  ratio,  which  leads  to  formulas  from 
KAlSisOg  to  NaAlSisOg.  Plagioclases  are  compensated  by  Na-Ca  mixtures,  and  the  Al/Si 
ratio  may  reach  50%,  with  formulas  up  to  CaAl2Si208.  >^en  one  adds  to  these  variable 
possible  compositions  the  various  framework  and  crystal  systems  feldspars  derive  from 
their  composition  and  from  their  history,  a  unique  very  extensive  family  of  materials 
results.  Feldspars  have  been  extensively  studied  in  mineralogy,  from  early  XIXth  century 
to  now,  and  most  of  their  characteristics  are  well  known. 

1.2  Point  Defects  in  Feldspars 

In  one  domain  the  knowledge  is  more  limited,  it  is  the  domain  of  point  defects,  much  less 
studied  in  feldspars  than  in  alkali  halides  or  11- VI  compounds.  The  luminescent  or 
electrical  properties  of  feldspars  were  not  worthy  of  great  attention,  and  their  crystal 
structure,  involving  at  least  four  different  types  of  atoms,  are  challenging  for  theoreticians. 
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1.3  Dating  by  Thermoluminescence  (TL)  And  Anomalous  Fading 

Recently,  starting  in  the  1960’s,  the  TL  of  feldspars  was  investigated  for  dating  purposes, 
e.g.  in  lava  flows.  This  TL  was  shown  to  display  a  good  intensity,  but  appeared  to  be 
blighted  by  the  phenomenon  of  loss  of  stored  charges  by  the  effect  of  ‘anomalous  fading’, 
characterized  in  the  course  of  such  studies.  First  observed  with  samples  of  lunar  origin,  but 
further  observed  in  most  feldspars  in  the  1970’s,  anomalous  fading  was  attributed  to  the 
tunnel  recombination  of  electron-hole  pairs  trapped  after  the  ionizing  irradiation.  Only  a 
few  feldspars  were  observe  not  to  fade,  hence  to  be  datable,  mostly  microclines  from  very 
old  formations  in  Scandinavia. 

In  the  1980’s,  a  better  knowledge  of  optical  bleaching  and  the  related  effects  of 
optically  stimulated  luminescence  (OSL  and  IRSL)  led  to  new  applications  of  afterglow 
for  dating  quaternary  sediments.  And  reappraisals  were  made  of  anomalous  fading  in 
feldspars  when  dated  with  these  new  OSL  and  IRSL  methods.  An  extensive  work  was 
done  recently^  consisting  in  detailed  scanning  of  fading  of  some  24  different  well  defined 
samples  of  feldspars  from  mineralogical  collections.  It  turned  out  that  anomalous  fading 
was  also  prevalent  in  these  samples  as  it  was  in  classical  TL. 

The  aim  of  the  present  investigation  was  to  observe  whether  these  samples  displaying 
fading  of  TL  did  display  as  well  tunnel  recombination  emission  proposed  theoretically  to 
account  for  that  fading.  Tunnel  recombination  emission  is  quite  characteristically  not 
thermally  stimulated,  and  may  be  observed  at  temperatures  much  lower  than  the 
temperature  of  the  initial  irradiation.  This  is  in  strong  contrast  with  TL.  Typically, 
following  a  room  temperature  irradiation,  tunnel  afterglow  is  observed  down  to  77  K 
without  reduction.  Second,  the  kinetics  of  this  afterglow  are  like  (1/t)  (t  being  the  time),  in 
contrast  with  phosphorescences  which  vary  usually  like  (1/t^)  or  exponentially.  This  tunnel 
emission  involves  the  same  traps  and  radiative  centers  as  the  TL  generated  by  the  initial 
irradiation:  it  displays  the  same  emission  spectra  as  TL  and  disappears  after  TL  emptying 
of  traps.  These  observations  were  done  already  before  on  one  sample  of  labradorite.^ 


2  EXPERIMENTAL 

2.1  Samples 

The  24  samples  which  had  been  investigated  for  fading^  were  put  at  our  disposal,  plus 
some  others  dated  microclines  from  Finland,^  plus  several  other  samples  not  studied 
previously  obtained  from  various  mineralogical  museums,  32  in  all,  mostly  under  single 
crystal  form.  The  composition  of  these  feldspars  was  monitored  by  X-ray  luminescence 
with  a  SEM. 

One  aim  was  first  to  scan  a  set  of  feldspars  as  representative  as  possible  of  the  diversity 
of  that  family.  This  being  done,  the  investigation  was  more  detailed  with  alkali  feldpars  of 
the  sanidine  type,  originating  from  volcanic  areas  (Chaine  des  Puys,  France;  Eifel, 
Germany)  and  microclines  from  Finland  (Helsinki  region). 

2.2  Equipment  and  Methods 

It  was  basically  the  same  as  was  used  previously.^  The  basical  process  of  study  is: 

-  First  step,  irradiate  the  sample  with  a  beta  Sr-Y  source  with  some  250  Gy. 

-  2nd:  Starting  the  recording  of  light  intensity,  take  the  sample  down  to  77  K. 

-  3rd:  Stay  at  77  K  one  hour  or  so,  to  monitor  the  expected  tunnel  emission,  if  any. 
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-  4th:  Increase  the  temperature  linearly  (10  K/min)  to  500°C,  to  observe  the  TL  proper. 

The  emission  is  monitored  with  a  RCA  31034  photomultiplier,  which  has  an  extended 
flat  spectral  response  from  250  to  890  nm  (unusual  in  TL  dosimetry  where  IR  thermal 
radiation  is  to  be  avoided).  Using  filters  on  a  carousel,  mostly  a  Schott  low  pass  OG  590 
filter,  the  spectral  sensitivity  range  is  divided  in  two  domains: 

-  one  from  250  nm  to  590  nm,  wide  domain  loosely  termed  hereafter  ‘blue’  spectral 
region.  It  is  the  range  of  sensitivity  scanned  with  conventionnal  TL  dosimetry 
equipment. 

-  the  other  domain,  from  590  to  890  nm,  is  termed  here  ‘red-IR’.  This  range  is  not  used 
conventionnally. 


3  OBSERVATIONS 
3.1  Tunnel  afterglow 

Following  the  procedure  outlined  above,  the  most  outstanding  observation  made  (shown 
on  Figure  1)  is  a  very  intense  afterglow  at  lower  temperatures  down  to  LNT,  with  all  the 
criteria  of  tunnel  recombination.  We  observed  it  already  before  in  the  study  of  one 
feldspar,^  but  this  time  it  is  observed  with  all  feldspars  under  study.  The  very  few 
exceptions  are  with  samples  with  no  fading  reported.^  The  relative  intensity  of  tunnel 
afterglow  appears  to  be  in  proportion  with  the  rate  of  fading  reported. 

We  do  not  know  reports  of  systematic  investigations  for  tunneling  afterglows  since  our 
study^  was  published.  Personnally,  we  did  several  studies  on  luminescent  materials  others 


t  (min)  - > 


FIGURE  1  Intensity  of  light  vs  time  starting  from  end  of  irradiation  in  a  process  of  investigation  of  tunnel 
afterglow  in  an  average  feldspar.  On  higher  scale  is  the  programmed  temperature.  Showing  the  low  temperature 
tunnel  afterglow,  the  thermal  quenching  of  luminescence,  the  TL  proper,  in  the  two  ranges  250  to  590  nm  (‘blue’) 
and  590  to  900  nm  (‘red-IR’). 


Wavelength 
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than  feldspars  which  display  tunnel  afterglow  as  well.  But  the  intensity  and  generality  of 
this  effect  in  feldspars  appears  quite  remarkable  to  us. 

3.1.1  Emission  spectrum  Another  unique  feature  of  the  tunneling  afterglows  thus 
observed  is  that  their  emission  spectra  are  wholly  in  the  infrared.  More  detailed  spectral 
studies  show  in  every  case  the  same  narrow  spectrum,  with  a  gaussian  shape,  centered  on 
710  nm  (14  000  cm“^),  with  a  mean  width  0.3  eV  (1900  cm“^). 


Temperature  (K) 


FIGURE  2  3D  representation  of  TL  of  a  sanidine  from  Puy  de  Sancy,  showing  the  two  distinct  TL  emission 
bands,  ‘blue’  and  ‘infrared’,  separated  spectrally  around  590  nm,  and  with  different  peak  temperatures.  At  the  top 
right  is  seen  the  thermal  emisson.  (By  A.J.J.  Bos,  Delft  University  of  Technology). 
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FIGURE  3  Intensity  vs  (1/T)  in  a  6  cycles  fractional  heating  process  for  a  sanidine  (start  in  D).  Showing  for 
following  cycles  lower  and  lower  intensities,  first  in  tunnel  afterglows  with  a  thermal  quenching  effect,  followed 
by  the  initial  rises  of  TL.  Activation  energies  are  0.50;  0.66;  0.72;  0.78;  0.82;  0.90;  (and  1 .4  eV  for  thermal 
emission). 

3.1.2  Thermal  quenching  One  more  unique  feature  is  the  ‘thermal  quenching’  visible 
on  Figure  1,  as  temperature  is  lowered,  then  raised,  resulting  in  a  decrease  of  luminescence 
by  a  ratio  like  10  between  77  K  and  300  K. 

3.2.  TL  proper 

When  the  temperature  is  eventually  raised  above  RT,  TL  proper  shows  up  in  the  ‘blue’ 
range  (as  defined  above)  as  shown  in  Figure  1 .  It  is  identified  with  the  TL  reported  up  to 
now  in  the  many  studies  dealing  with  feldspars.  But  TL  shows  up  as  well  in  the  ‘red-IR’ 
range,  quite  often  more  intense  than  in  the  ‘blue’  range,  with  a  spectral  maximum  around 
700  nm,  and  with  different  glow  peak.  In  that  range,  observation  is  possible  only  up  to  500 
K,  due  to  thermal  radiation. 

3.2.1  'Blue*  and  'infrared*  TL  emissions  All  this  TL  emission  is  not  one  single  glow 
peak  with  a  wide  spectrum  emission  band  but  two  well  separated  peaks  as  had  been  hinted 
before."^  This  is  better  shown  in  Figure  2  using  the  facilities  of  a  3D  TL  equipment:^  the 
resolution  both  in  temperature  and  in  wavelength  shows  that  there  are  actually  two  well 
separated  emission  bands.  More  precisely,  from  sample  to  sample,  the  ‘blue’  band,  may 
vary  in  size  and  emission  spectrum,  as  reported  in  the  litterature.  The  ‘IR’  band  (which  was 
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at  best  partly  detected  up  to  now)  appears  as  more  stable  in  intensity  and  spectrum. 

3.2.2  Analysis  of  the  'infrared'  TL  emission  by  fractional  heating  It  must  be  asked 
whether  the  LNT  afterglow  just  observed  in  infrared  is  not  due  to  thermal  emptying  of 
shallow  traps  instead  of  tunneling.  Besides,  glow  peaks  in  both  bands  appear  as  very  wide 
in  temperature,  they  should  correspond  to  multiple  trap  depths  or  activation  energies  as 
was  shown  for  the  blue  band.^  This  was  not  known  for  the  infrared  TL. 

To  characterize  the  traps  responsible  for  this  infrared  TL,  experiments  of  fractional  heating 
were  led  with  the  same  equipment.  They  are  shown  on  Figure  3  which  displays  vs 
temperature  the  intensity  of  TL  of  a  sanidine  ((K,  NajAlSisOs)  from  the  Eifel  region 
through  a  filter  OG  590. 

As  shown  on  Figure  1,  the  experiment  is  started  at  point  D,  until  the  exponential  initial 
rise  portion  of  the  TL  ends  (point  F).  Then  the  heating  program  is  reversed,  the 
temperature  is  brought  down  to  LNT  (point  G)  and,  without  further  irradiation,  a  new  cycle 
of  heating  is  started,  dealing  with  deeper  traps,  and  again  reversed  in  point  H,  end  of  initial 
rise  etc.  In  the  present  case,  after  6  cycles,  all  the  TL  traps  are  emptied  and  thermal 
radiation  alone  shows. 

Several  observations  are  made: 

™  At  the  beginning  of  every  cycle,  just  after  the  lower  upturn  of  temperature,  the  tunnel 
afterglow  is  clearly  observed,  bent  down  by  the  ‘thermal  quenching’  effect  described 
above.  This  afterglow  is  observed  on  beginning  of  all  the  cycles  always  in  the  same 
proportion  to  following  TL  as  long  as  there  is  TL  left.  This  shows  that  tunneling  is 
equally  related  with  shallow  and  deeper  traps. 

~  The  initial  rise  part  of  the  curves  gives  activation  energies  distribution  of  ‘infrared’ 
traps  from  0.50  eV  to  0.90  eV  (at  470  K,  higher  obtainable  value  due  to  thermal 
radiation),  which  are  quite  usual  values,  with  a  continuous  distribution  of  values.® 


4  DISCUSSION 

Some  conclusions  may  be  derived  from  the  above  observations.  They  take  also  into 
account  results  we  published  elsewhere,®  studies  quoted  hereafter  and  a  great  number  of 
other  studies  impossible  to  quote  here. 

TL  Trap  Distribution  It  has  been  reported  that  the  ‘blue’  TL  does  not  correspond  to  a 
single  glow  peak,  not  even  to  separate  glow  peaks,  but  rather  to  a  continuous  distribution 
of  activation  energies  E.  It  is  seen  above  that  we  have  the  same  situation  with  the  infrared 
band.  The  values  above  proposed  for  E  (Figure  3)  are  only  some  25%  lower  than  values 
already  reported  for  the  ‘blue’  emission.  They  correspond  to  thermally  stable  traps.  Hence 
their  fading  is  anomalous  as  well. 

4.1  Infrared  Emission  Band  and  Fe^^ 

This  infrared  emission  band  had  been  partly  observed  previously,  it  has  been  lately 
measured  in  toto.®’®  It  was  attributed  to  various  causes,  among  these  to  the  impurity 

Fe3+.47 
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We  observed  the  excitation  spectra  of  that  infrared  emission  on  this  feldspar  and  others. 
They  showed  excellent  agreement  with  excitation  spectra  of  Fe^"*"  published  elsewhere.’ 
The  thermal  quenching  of  luminescence  observed  (in  Figure  3)  and  reported  above  is 
another  well  known  characteristic  of  Fe^'*'  luminescence.^ 

One  objection  was  raised  by  the  observation  that  this  infrared  emission  appears 
systematically  in  all  feldspars  with  comparable  intensities,  while  as  a  rule,  luminescence 
due  to  impurities  vary  in  proportion  with  the  content  in  phosphors. 

An  explanation  brought  by  geochemistry  is  that,  due  to  the  process  of  genesis  of 
feldspars,  there  is  a  rather  constant  saturating  content  of  Fe^+  in  feldspars.  It  is  substituted 
to  AP+  on  1%  to  4%  of  T  sites  of  silica  tetrahedra.®  Thus  the  distance  between  Fe  atoms  is 
of  the  order  of  3  or  4  lattice  cells  at  most,  which  is  rather  short.  We  are  past  saturation  of 
iron  as  far  as  luminescence  effects  are  concerned.  Hence,  the  stable  ubiquitous  presence  of 
infrared  emission  due  to  Fe^+  may  be  understood,  as  well  as  vicinity  effects  like  tunnel 
recombination. 

It  may  be  concluded  that  Fe^+  is  the  source  of  infrared  emission. 

4.2  Fading  in  feldspars,  tunneling  and  crystal  disorder 

From  our  experiments  it  is  concluded  that  the  phenomenon  of  anomalous  fading  so 
generalized  in  feldspars  is  strictly  related  with  tunnelling  infrared  radiative  recombination 
of  trapped  opposite  charges  competing  with  the  regular  thermal  eviction  of  charges  from 
traps.  Tunnelling  derives  from  presence  of  many  pairs  of  donor-acceptor  (D-A)  sites  with 
various  short  separations. 

4.3  Crystal  ‘disorder’ 

Here  it  must  be  reminded  that  feldspars  have  a  crystallographic  characteristic  unknown  in 
simpler  crystal  lattices:  it  is  the  common  occurrence  of  lattice  ‘disorder’,  known  since 
1934.  Disorder  does  not  consist  in  proper  ‘defects’  like  vacancies  or  interstitials  in  alkali 
halides,  but  random  distributions  of  the  A1  atoms  substituted  for  Si  without  vacancies. 
‘Younger’  feldspars,  like  sanidines  from  recent  volcanic  lavas  solidify  in  ‘disordered’ 
states,  while  ‘ordered’  states,  more  stable,  call  actually  for  very  long  times  to  be  obtained 
by  a  solid  state  transformation.  It  is  observed  only  in  feldspars  from  very  old  geological 
formations. 

4.4  Disorder  and  charge  traps 

Such  states  of  crystal  disorder,  where  a  great  proportion  of  trivalent  atoms  like  AP+ 
exchange  their  sites  with  tetravalent  atoms  like  Si‘'+  create  a  great  density  of  local  ‘charge 
defects’.  This  has  been  known  by  mineralogists  since  a  long  time. 

We  propose  that  such  crystal  defects  act  acmally  like  classical  defects,  behaving  as 
donors  and  acceptors  which  can  trap  opposite  charges.  Hence  they  are  prone  to  tunnel 
recombination.  Considering  the  high  proportion  of  these  defects,  many  have  short 
separations  and  it  is  understandable  why  feldspars  have  an  important  TL  and  fade 
anomalously  more  than  other  known  phosphors. 

This  view  explains  the  experimental  fact  that  the  few  ‘non  fading’  feldspars,  which 
could  be  dated,  are  microclines  with  an  ‘ordered’  lattice  where  the  proportion  of  these 
charge  defects  is  much  smaller. 

Such  new  types  of  point  defects  originating  from  ion  exchanges  has  been  proposed  very 
recently'®  to  explain  the  observed  wide,  continuous  distribution  of  activation  energy  in  TL 


272 


R.  VISOCEKAS  AND  A.  ZINK 


of  aluminosilicates  (as  seen  on  Figure  3).  Our  observations  and  analyses  of  tunnel 
afterglows  bring  strong  vindication  to  this  model. 

4.5  and  Crystal  Disorder 

We  have  reached  two  apparently  unrelated  conclusions  from  our  study  of  the  infrared 
emission:  first,  that  it  is  due  to  disorder  effects  in  the  lattice  because  it  shows  outstanding 
tunnel  kinetics,  second,  that  it  is  due  to  Fe^+  because  it  is  infrared. 

These  two  conclusions  may  be  brought  together,  by  considering  as  follows  that  Fe^"^ 
atoms  in  feldspars  are,  so  to  say,  the  centers  of  disorder.  The  limit  in  the  content  of  Fe^+ 
derives  from  the  big  radius  of  that  ion,  some  0.064  nm  vs  some  0,050  nm  for  AP+  and 
0.41  for  Si'^^  which  he  substitutes.  In  other  words,  iron  atoms  bring  in  an  additional  crystal 
strain  and  generate  charge  defects.  When  on  top  of  that,  there  is  a  situation  of  lattice 
disorder,  that  is  of  charge  defects  with  random  separations,  all  the  conditions  are  met  for 
intense  infrared  radiative  tunnel  recombinations. 

Many  questions  are  raised  concerning  the  ‘blue’  band.  It  is  spectrally  independent  from 
the  ‘infrared’  one,  and  yet  there  is  the  fact  that  tunneling  at  lower  temperatures,  which 
empties  traps  resulting  into  infrared  light  only,  results  in  preferential  fading  of  the  blue 
emission.  No  clear  relation  appears  so  far. 


5  CONCLUSIONS 

At  the  practical  point  of  view  of  dating,  the  low  temperature  tunneling  infrared  emission 
we  observe  appears  as  a  good  criterion  of  the  presence  and  intensity  of  fading,  that  is  of  the 
possibility  of  dating  a  feldspar  by  thermoluminescence. 

A  new  type  of  point  defect  is  proposed,  directly  related  with  order/disorder  effects  in 
crystal  structure  of  feldspars  and  involving  Fe^+  impurities  substitutional  for  Al^+  to 
account  for  this  infrared  tunnel  recombination. 
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EVIDENCE  FOR  SCHOTTKY  BARRIER  FORMATION 
DUE  TO  HOLE  CENTERS  IN  Al^^Mg  AND  MgO:Li 
WITH  METAL  CONTACTS 
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(Received  July  1,  1994) 

Thermally  stimulated  polarization  (TSP)  measurements  in  quenched  Al203:Mg  and  MgO:Li  are  presented.  A 
parallel  behavior  between  the  quenching-induced  hole  centers  and  the  TSP  spectra  in  both  materials  has  been 
observed.  The  evolution  of  the  main  peak  in  each  spectrum  with  the  thermal  annealings,  the  applied  voltage  and 
the  sample  thickness  shows  the  existence  of  a  Schottky  barrier  for  holes  at  the  metallic  electrode-sample 
contacts.  The  current- voltage  characteristics  at  room  temperature  also  support  this  conclusion. 

Key  words:  Thermally  stimulated  polarization  oxides,  hole  centers,  Schottky  barriers. 


1  INTRODUCTION 

It  is  well  known  that  oxidizing  quenching  from  temperatures  above  1200  K  induces  in 
Al203:Mg  and  MgO:Li  hole  centers,  namely  [Mgf  and  [Li]°  centers,  respectively,  which 
are  stable  above  room  temperature.  ‘  The  electrical  properties  (conduction  and  polarization) 
of  these  doped  oxides  are  determined  by  the  thermally  activated  ionization  of  these  centers.^"^ 
The  materials  may  then  be  regarded  as  wide-band-gap  type  p  semiconductors,  the  Fermi 
level  lying  near  the  valence  band.  They  have  therefore  a  very  high  work  function  and  hence, 
any  metal  used  as  electrode  on  their  surfaces  will  form  a  Schottky  barrier  for  holes.  Blocking 
contacts  in  metal-insulator-metal  systems  give  rise  to  thermally  stimulated  polarization 
(TSP)  and  depolarization  (TSD)  processes  when  thermally  activated  electric  charge  release 
occurs.  They  appear  as  a  result  of  relaxations  of  the  depletion  region  near  one  of  the  electrodes 
(the  anodic  one  when  the  carriers  are  holes).  These  processes  have  been  extensively  studied 
by  Simmons  and  co workers.^  This  paper  is  devoted  to  show  that  our  TSP  results  in  Al203:Mg 
and  MgO:Li  single  crystals  are  in  very  good  agreement  with  Simmons’  theory,  giving  thus 
experimental  evidence  about  Schottky  barrier  formation  in  these  materials  for  any  of  the 
metals  used  for  electrodes  (either  pressed  indium  foils  or  evaporated  platinum,  gold  or 
aluminum). 


2  RESULTS  AND  DISCUSSION 

When  Al203:Mg  and  MgO:Li  are  subjected  to  thermal  quenching  in  oxidizing  atmosphere, 
[Mg]'’  and  [Lif  centers,  respectively,  are  created,  and  TSP  spectra  appear.  Typical  TSP 
spectra  are  plotted  in  Figure  1.  They  are  very  similar  to  the  TSD  ones."^’^  A  main  peak  at 
about  265  K  in  Al203:Mg  and  255  K  in  MgO:Li  (these  temperatures  are  treatment- 
dependent),  together  with  another  one  around  room  temperature  are  clearly  seen.  The 
experimental  data  presented  in  this  paper  correspond  to  the  main  peak  in  each  case. 

A  pulsed  thermal  annealing  experiment  reveals  that  the  hole  center  optical  absorption 
band  and  the  TSP  spectrum  vanish  together  in  both  materials."^’^  This  indicates  that  [Mg]° 
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FIGURE  1  Normalized  TSP  spectra  of  quenched  AE03:Mg  (•)  and  MgO:Li  (O).  Applied  voltage:  25  V. 


and  [Li]°  centers  are  closely  related  to  the  TSP  processes.  The  values  for  the  total  polarization 
(PJ,  calculated  from  the  TSP  areas,  are  too  much  large  to  ascribe  the  TSP  processes  to 
dipolar  reorientations  involving  Mg  or  Li  ions.  Therefore  the  TSP  peaks  has  to  be  related 
to  limited  electric  charge  conduction  processes,  the  electric  carriers  being  holes  released 
from  [MgY  or  [Li]°  centers. 

The  Pq  values  depend  almost  linearly  on  the  square  root  of  the  applied  voltage  (Vp)  for 
both  materials,  as  it  can  be  seen  in  Figure  2.  On  the  other  hand,  Po/Ep,  where  Ep  =  Vp/d  is 
the  applied  field,  is  linearly  dependent  on  the  sample  thickness  d.  These  two  very  important 
observations  disregard  the  TSP  processes  in  both  materials  to  be  related  to  Maxwell-Wagner 
polarization  of  impurity-rich  regions  embedded  in  the  insulator  matrix,  as  it  was  proposed 
for  the  TSD  of  MgO:Li.^  Instead  they  agree  with  the  predictions  of  Simmons’  theory  for 
TSP  processes  in  metal-insulator-metal  systems  with  blocking  electrodes.^  Other 
experimental  results  obtained  in  this  work  supporting  this  model  are  the  dependences  of 
the  peak  temperatures  (T^)  with  Vp  (T^^  decreases  with  increasing  Vp)  and  with  d  (T^  increases 
with  increasing  d).  Also  the  hysteresis  effects  in  the  total  polarization  with  respect  to  Vp 
found  here  are  explained  by  the  above  mentioned  theory. 

The  current-voltage  curves  of  Al203:Mg  at  room  temperature  are  strongly  non-linear. 
They  can  be  well  fitted  to  a  combination  of  two  terms:  One  of  them,  which  represents  the 
behavior  at  low  voltages,  can  be  explained  by  both  the  thermoionic  (Richardson- Schottky) 
and  thermoionic-field  emission  equations  and  is  consistent  with  the  formation  of  a  Schottky 
barrier  at  the  sample  surface.^  The  second  term,  which  dominates  at  high  voltages,  is 
proportional  to  VVd^  this  is  the  Mott-Gurney  equation  for  a  space-charge  limited  conduction 
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FIGURE  2  Dependence  of  the  main  TSP  peak  area  on  the  applied  voltage  for  Al203:Mg(#)  and  Mg0:Li(O). 
Samples  have  been  quenched  from  1300  °C. 


process.^  The  overall  behavior  of  the  I-V  curves  shows  the  occurrence  of  an  electrode- 
limited  to  bulk-limited  transition,  which  has  been  observed  in  other  systems  with  blocking 
contacts.^  Highly  non-linear  I-V  curves  are  known  in  MgO:Li,^  but  have  not  been  analyzed. 

In  conclusion,  the  TSP  results  as  well  as  the  I-V  curves  show  the  formation  of  Schottky 
barriers  at  the  electrode-  sample  contact  due  to  the  presence  of  hole  centers  in  the  crystals. 
The  large  polarization  values  are  related  to  changes  in  the  anodic  depletion  region  width 
caused  by  thermally  stimulated  hole  release  and  subsequent  drift  under  the  applied  electric 
field.  This  could  explain  TSP-TSD  processes  in  a  wide  range  of  doped  oxides. 
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NUCLEAR  MAGNETIC  RESONANCE  AND 
ELECTRICAL  CONDUCTIVITY  IN  SINGLE¬ 
CRYSTALLINE  PARATELLURITE 

J.  WEGENER,  O.  KANERT,  R.  KUCHLER  and  A.  WATTERICH* 

Inst,  of  Physics,  University  of  Dortmund,  44221  Dortmund,  Germany;  "^Research  Lab.  f 
Crystal  Physics,  Budapest,  Hungary 

'^^Te  nuclear  spin  relaxation  (NSR)  and  electrical  conducvitiy  measurements  were  performed  on  single¬ 
crystalline  paratellurite  (a-Te02)  between  room  temperature  and  the  melting  point  (1007K)  at  various  oxygen 
partial  pressures.  A  defect  model  is  developed  which  fits  the  experimental  data.  The  model  involves  ionic 
oxgyen  interstitials  (O'O,  doubly  charged  oxygen  vacancies  (Vq)  and  charge-compensating  electron  holes  (h*). 
The  pressure  dependence  suggests  that  the  NSR  rate  is  induced  by  the  motion  of  Vq  while  the  conductivity  is 
due  to  diffusion  of  h*.  Further,  the  chemical  diffusion  coefficient  is  shown  to  be  caused  by  ambipolar  diffusion 
of  Oj'  and  h*. 

Key  words:  Oxides,  defects,  nuclear  spin  relaxation,  conductivity,  diffusion. 


1  INTRODUCTION 

Paratellurite  (Q:-Te02)  is  an  insulator  (gap  energy  about  4.3  eV)  which  crystallizes  in  the 
space  group  P4,2i2.  As  shown  earlier/  the  *^^Te  NMR  spectrum  consists  of  four  lines 
according  to  four  magnetically  non-equivalent  Te  lattice  sites  in  the  tetragonal  unit  cell. 
To  our  knowledge  only  two  investigations  have  been  carried  out  in  the  past  on  the  diffusion 
properties  of  a-Te02.^’^  Both  studies  deal  with  the  temperature  dependence  of  the  electrical 
conductivity  at  elevated  temperatures.  Here  we  present  a  defect  model  which  is  able  to 
explain  consistently  both  the  temperature  dependence  and  the  oxygen  partial  pressure  (^02) 
dependence  of  electrical  conductivity  and  the  motion  induced  ^^^Te  NSR  rate  observed  in 
pure  single-crystalline  a-Te02. 


2  EXPERIMENTAL  RESULTS 

In  order  to  investigate  the  diffusional  properties  of  oxygen-induced  defects  in  paratellurite 
we  have  performed  two  types  of  experiments,  (i)  Temperature  dependence  of  the  ^^^Te  NSR 
rate  Tf  and  conductivity  a  under  constant  /7o2-pfessures;  (ii)  time  response  of  Tf  and  a 
after  a  sudden  change  of  po^  at  constant  temperatures  (see  Figures  1-4).  As  shown  earlier, 
the  observed  NSR  rate  Tf  (Figure  1)  consists  of  a  phonon-induced  contribution  and 
a  diffusion-induced  contribution  77^  which  becomes  significant  at  elevated  temperatures/ 

Tf  =  rX,  +  TXiff=  ciT^  +  b  exp(-W^n  (D 

Analysis  of  the  NSR  data  leads  to  the  relation 

TXiff^  coVof  exp  (-3.0  eVIkT)  (la) 

which  is  consistent  with  the  following  mechanism:  The  NSR  rate  is  induced  by  the  diffusion 
of  vacancies  of  concentration  { V]  and  hopping  rate  Ty  «  exp(-HJkT)  via  CS-fluctuations 
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FIGURE  2  Arrhenius  plot  of  conductivity  <jT  at  two  different  p^.-pressures. 
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rURE  3  Time  response  of  7/  of  '^^Te  after  a  sudden  change  of 


FIGURE  4  Time  response  of  conductivity  cr  after  a  sudden  change  of  p^ 
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occuring  when  a  vacancy  encouters  a  probe  nucleus.  Then  assuming  Ty>  Larmor 
frequency  co,  the  standard  relations  of  diffusion-induced  NSR"^  lead  to: 

^  I  ^Diff  ^  {  ^}  r  (2) 

Comparing  Eq.  (la)  and  Eq.  (2)  leads  to  {V}  oc 

The  observed  temperature  and  the  conductivity  (Figure  2)  can  be 

related  to  three  thermally  activated  processes  according  to 

3 

o-r  =  ^  a,  {Po^ )  cxpi-E^IkT)  (3) 

(=1 

with  the  following  activation  energies:  Ej  =  0.44  ±  0.02  eV,  E2  =  1.1  ±  0.1  eV,  E3  =  2.4  ± 
0.2  eV.  The  first  and  third  contribution  are  found  to  be  independent  of  while  the  second 
contribution  depends  on  PorCi2  ^  p~02^.  Following  Hartmann,^  we  assume  that  the  first 
contribution  is  due  to  the  migration  of  impurity-controlled  (i.e.  extrinsic)  vacancies  (E,  = 
HJ,  whereas  the  magnitude  of  indicates  an  electronic  mechanism  for  the  third  contribution 
(£3  =  1/2E'^^^).  The  defect  model  presented  in  the  next  section  demonstrates  that  the  second 
contribution  can  be  related  to  the  motion  of  electron  holes  h\ 

The  observed  time  evolution  of  (Figure  3)  and  cr  (Figure  4)  are  opposite  with  respect 
to  the  sign  of  the  p^y^-changc  in  accord  with  the  observed  pressure  dependence  of  the  two 
observables  shown  in  Figures  (1,2).  Further,  the  corresponding  time  constants  are  equal 
for  a<t)  when  raising  (oxidation)  or  lowering  (reduction)  other  than  the  time  constants 
of  the  response  function  of  7]^ 


3  DEFECT  MODEL 


A  model  of  dilute,  noninteracting  point  defects  is  developed  for  Te02  considering  that  the 
self-diffusion  of  Te  is  observed  to  be  extremely  low  up  to  the  melting  point 
(D(950K)  <  10“^^  cmVs),  i.e.  Te  does  not  take  part  in  internal  defect-chemical  reactions. 
Hence,  only  the  reactions  of  oxygen  have  to  be  taken  into  account.  Oxygen  gas  is  supposed 
to  be  solved  as  ionic  oxygen  at  interstitial  sites  under  formation  of  electron  holes: 

^0,ig)<^0''+2h‘  (4) 

The  corresponding  law  of  mass  action  (LMA)  is  given  by 

(4a) 

where  denotes  the  enthalpy  of  the  solution  process.  Further,  oxygen  Frenkel  pairs, 
consisting  of  O"  and  Vq,  are  formed  according  to 

Oo  <^4  0"  +  Vo  (5) 


where  Oq  denotes  a  regular  oxygen  on  an  anion  site.  The  LMA  of  this  Frenkel  reaction  is 


{On{V“}-exp 


(5a) 
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with  Hf  being  the  enthalpy  of  pair  formation.  Charge  neutrality  requires 

2{Or}  +  {/}=2{Vo}  +  {/i-} 


Assuming  {O''}  »  {  Vq),  one  obtains  from  eqs.  (4-6) 


{h‘}°=P^^exp 


1  ^ 

-ffs 

3  ^ 

{Vo}-P^''*exp 

r  1  ^ 

F  3  5 

kT 

kT 

) 

1  ) 

(6) 


(7a,  b) 


for  the  concentration  of  the  holes  and  vacancies. 

The  observed  pressure  dependence  of  the  conductivity  part  a-2  is  in  accord  with  Eq.  (7a). 
Hence,  we  conclude  that  a  ©c  {/?’}  and  therefore  H,  =  3E2  =  3.3  ±  0,3  eV.  Further,  the 
measured  pressure  dependence  of  (Eq.  ( 1  a))  agrees  to  that  predicted  in  Eq.(7b),  indicating 
that  the  relaxation  process  is  caused  by  the  motion  of  the  minority  carriers  Vq.  Comparison 
of  Eqs.  (la,  2,  7b)  yields  Hp  =  +  4.5  eV  for  the  formation  of  the  oxygen 

frenkel  pairs  (Eq.(5)),  using  =  0.44  eV  and  E^j^^  =  3  eV. 

The  time  response  of  cr  presented  in  Figure  4  is  determined  by  the  evolution  of  the  local 
concentration  of  the  predominant  carriers  (O'',  h*)  in  space  and  time  according  to  Fick’s 
second  law,  where  is  the  chemical  diffusion  coefficient.  Solutions  of  this  equation  are 
symmetric  with  respect  to  the  sign  of  the  change,  as  measured  in  the  experiments  (Figure 
4).  On  the  contrary,  the  corresponding  evolution  of  the  local  concentration  of  the  minority 
carriers  Vq  responsible  for  the  measured  transient  of  (Figure  3)  is  controlled  by  the 
local  concentration  of  the  O''  via  eq.  (5a).  The  solid  lines  in  Figures  (3,4)  result  from 
solutions  of  Fick’s  second  law  using  appropriate  boundary  conditions  and  a  uniform  value 
of  (1  ±  0.3).  10"^  crn^fs  for  the  diffusion  coefficient  D^(950K). 


ACKNOWLEDGEMENTS 

The  authors  would  like  to  thank  Prof.  Schmalzried  for  helpful  discussion.  The  work  was  financially  supported 
by  the  Deutsche  Forschungsgemeinschaft. 


REFERENCES 

1.  J.  Wegener,  R.  Kuchler,  O.  Kanert  and  A.  Watterich  Proc.  XII  Int.  Conf.  on  Def.  in  Insulating  Mat,  (World 
Scientific,  Singapore,  1993),  Vol.  2,  p.  715. 

2.  H.  Jain  and  A.  S.  Nowick  Phys.  Stat.  Sol.  (a)  67,  701  (1981). 

3.  E.  Hartmann  and  L.  Kovacs  Phys.  Stat  Sol  (a)  74,  59  (1982). 

4.  O.  Kanert  Phys.  Report  91,  183  (1982). 


Radiation  Effects  and  Defects  in  Solids,  1995,  Vol.  134,  pp.  283-286 
Reprints  available  directly  from  the  publisher 
Photocopying  permitted  by  license  only 


©  1995  OPA  (Overseas  Publishers  Association) 
Amsterdam  B.V.  Published  under  license  by 
Gordon  and  Breach  Science  Publishers  SA 
Printed  in  Malaysia 


VIBRATION  +  LIBRATION  ABSORPTION  BANDS  OF 
OH  CENTRES  IN  LiNb03 

A.  GRONE  and  S.  KAPPHAN 

FB  Physik,  University  of  Osnabriick,  D-49069  Osnabriick,  Germany 

Hydrogen  centres  in  the  bulk  of  stoichiometric  (VTE)  LiNb03  exhibit  a  sharp  absorption  band  of  the  OH(OD) 
stretching  vibration  near  3466  (2562)  cm"'.  In  congruent  LiNb03  the  OH  band  =  3484cm"')  is  rather  broad 
(FWHM  ~30  cm"')  and  for  the  high  proton  concentration  layers  in  proton  exchanged  LiNb03:PE  the  broad 
absorption  band  (FWHM  ~30  cm"')  is  shifted  to  about  3507  cm"'.  For  all  the  above  bands  which  are  completely 
polarized  perpendicular  z  weak  high  energy  sidebands  have  been  found,  shifted  by  about  950  cm"'  for  OH  and 
700  cm"'  for  OD  with  respect  to  the  position  of  the  stretching  vibration.  The  intensity  of  these  sidebands  and 
their  spectral  form  is  found  to  be  proportional  to  the  stretching  vibration,  respectively  to  the  concentration  of  the 
H(D)  centres.  These  sidebands  are  identified  as  libration  +  vibration  combination  bands  and  display  the 
polarization  dependence  (/i,  il^  ~  0.5  for  OH  with  respect  to  z)  of  a  three-dimensional  oscillator.  The  libration  + 
vibration  combination  bands  have  also  been  detected  as  sidebands  to  higher  vibrational  transitions  in  proton 
(deuteron)  exchanged  LiNb03:PE(DE). 

Key  words:  OH  defect  centers,  vibration  +  libration  absorption  bands,  LiNb03. 


1  INTRODUCTION 

Hydrogen  centres  in  LiNb03  have  been  shown  to  be  very  mobile*  and  influence  many 
properties  important  for  technical  applications.  For  instance  the  laser  optical  damage,^’^  the 
thermal  fixing  of  volume  phase  holograms/  the  production  of  wave  guiding  layers  by  proton 
implantation^  or  proton  exchange/  the  properties  of  TIPE  waveguides’’^  and  the  phase 
matching  temperature  for  optical  second  harmonic  generation  of  Nd:  YAG  laser  ligh/  have 
been  reported  to  be  modified  by  protons.  The  presence  of  hydrogen  in  LiNb03  is  revealed 
by  a  characteristic  OH  stretching  vibration  near  3500  cm“* .  For  the  discussion  of  the  protonic 
mobility  in  Ti02  an  additional  librational  motion  as  an  attempt  frequency  has  been 
calculated.*^  Experimental  evidence  for  the  librational  mode  of  OH  centres  has  not  been 
found  so  far,  neither  in  Ti02  nor  in  LiNb03  or  any  other  ABO3  crystals.  However  a  librational 
mode  of  OH”(OD“)  molecules  in  alkali  halide  crystals  is  well  known,**  This  prompted  us 
to  start  an  intensive  search  for  the  librational  motion  and  eventual  combination  bands  of 
libration  +  vibration  in  order  to  clarify  this  important  parameter  for  the  model  discussion 
of  OH  defects  and  their  protonic  mobility.  In  particular  the  identification  of  the 
libration+ vibration  combination  band  in  LiNb03  is  the  topic  of  this  paper.  We  present 
evidence  from  the  concentration  and  the  polarization  dependence  for  the  identification  of 
weak  sidebands  of  the  OH  stretching  vibration  as  the  sought  after  libration  -1-  vibration 
combination  bands. 


2  EXPERIMENTAL 


For  the  investigations  of  the  OH/OD  absorption  bands  in  the  bulk  of  stoichiometric  LiNb03 
we  use  congruent  LiNb03  which  has  been  treated  by  the  vapour  transport  equilibration 
(VTE)  technique*^’*^’*"*  in  our  own  laboratory. 

To  raise  the  hydrogen  concentration  in  the  bulk  of  LiNb03  the  method  of  field  supported 
proton  diffusion  was  employed.^’*^ 
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Proton  as  well  as  deuteron  exchanged  (PE/DE)  LiNb03  layers  have  been  produced  by 
immersion  of  thin  samples  (d  =  0.5-0.7  mm)  in  benzoic  acid  melt  buffered  by  0.5  mol  % 
lithium  benzoate  at  =  244°C  for  ~10  hours^'*®  and  then  in  deuterated  benzoic  acid  for 
~10  hours  at  the  same  temperature  =  244°C  to  get  nearly  equal  optical  densities  for  the 
OH  and  the  OD  stretching  vibration,  respectively. 

The  infrared  absorption  spectra  were  obtained  with  a  Fourier-IR- Spectrometer  (Bruker 
113  Cv)  in  the  range  from  2400  cm" -7900  cm"*  with  a  resolution  up  to  0.05  cm"*. 


3  RESULTS 

The  spectra  of  OH  and  OD  centres  in  a  proton  and  deuteron  exchanged  sample  of  LiNbOj 
at  room  temperature  are  shown  in  Figure  1.  Besides  the  well  known  stretching  vibration, 
weak  sidebands  at  3278  cm"*  for  OD  and  at  4444  cm”'  for  OH  are  observed.  These  sidebands 
and  their  properties  will  be  discussed  in  congruent,  in  stoichiometric  (VTE)  and  in  proton 
(deuteron)  exchanged  LiNb03:PE(DE)  in  the  following  chapters. 

Figure  2  shows  a  detailed  comparison  of  the  band  shape  of  the  main  OH  stretching 
vibration  v  qj  near  3500  cm"*  and  the  weak  sidebands  ^,,7.01+//^  4450  cm"* .  The  similarities 

in  the  band  shape  and  relative  position  is  evident  for  all  three  samples.  Similar  sidebands 
^viho.+iih  also  observed  with  the  next  higher  vibrational  transitions  v  02  in  proton(deuteron) 
exchanged  LiNb03:PE(DE).  The  positions  of  these  absorption  bands  are  given  in  Table  I. 

A  main  argument  for  the  identification  of  these  bands  comes  from  the  concentration 
dependence  which  shows  a  direct  correlation  with  the  intensity  of  the  main  stretching 
vibration  In  Figure  3  the  constant  ratios  of  the  integrated  absorption  intensity  of  the 
fundamental  i7oi  and  the  sidebands  is  plotted  versus  concentration  (proportional  to 

the  absorption  coefficient).  The  same  holds  for  the  OD  centres  in  these  crystals.  The  constant 
ratio  over  one  order  of  magnitude  in  concentration  strongly  supports  the  interpretation  of 
the  sidebands  as  belonging  to  the  OH/OD  vibrational  properties.  We  therefore  take  it  as 
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FIGURE  1  OH  and  OD  stretching  vibration  (vo,  qh  =  3508  cm"'  and  Voi  od  =  2588  cm"')  and  OH  and  OD 
libration  +  vibration  combination  bands  {Vyih,,,+tih,ow  =  4444  cm"'  and  Vyih^^.^uh.oD  =  3278  cm"')  in  proton  (PE)  and 
deuteron  exchanged  (DE)  LiNbOj  at  RT  (in  the  dashed  boxes  the  spectra  of  the  librational  sidebands  are 
enlarged  by  a  factor  5).  The  optical  densities  of  the  OH  and  OD  stretching  vibration  bands  are  so  high  in  this 
case  that  it  is  not  possible  to  resolve  them  exactly.  Therefore  they  are  vertically  limited.  The  spectra  are 
recorded  unpolarized  for  a  z-cut  crystal  (/:Light  H  2)’ 
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FIGURE  2  OH  stretching  vibration  i7o,,oH  (left)  and  libration  +  vibration  combination  band  Vwfeo,+//fc,oHXright) 
in  different  LiNbO,  crystals  at  RT:  in  proton  exchanged  LiNb03:PE,Jn  the  bulkjDf  nearly  stoichiometric 
(VTE)  LiNb03:  stoich.  and  in  the  bulk  of  congruent  LiNb03:cong.  1  ^ught)-  The  spectra  are  shifted 

vertically  for  better  viewing. 


TABLE  I 


Observed  wavenumbers  of  the  peaks  of  the  absorption  maxima  of  the  OH  and  OD  stretching  vibrations  (uq,)  and 
of  the  libration  +  vibration  combinations  bands  RT. 


LiNbO, 

(cm“‘) 

^0l,OD 

(cm'') 

^  v//joi+/(b,OH 

(cm"') 

^  v/bm+/(fc,OD 

(cm“') 
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PE/DE 
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stoich. 

3508  ±  2 
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3465.9  ±  0.2 

2588  ±  2 
2574  ±  2 
2561.9  ±0.1 
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FIGURE  3  Ratio  of  the  integrated  absorption  intensities  /oi//wAo,+//i.  of  the  OH  vibration  band  v  oi  and  the  OH 
libration  +  vibration  combination  band  Uv, *,„,+//<.  in  the  bulk  of  congruent  LiNb03  (*)  and  in  the  bulk  of  nearly 
stoichiometric  (VTE)  LiNb03  (•).  The  horizontal  lines  are  guides  for  the  eye. 


286 


A.  GRONE  AND  S.  KAPPHAN 


evidence  for  a  librational  motion  of  the  OH/OD  centres  which  appears  as  a  combination 
of  libration  +  vibration  in  these  sidebands.  These  sidebands  are  shifted  by  about  950  cm"‘ 
for  OH  and  by  about  700  cm"’  for  OD  with  respect  to  the  position  of  the  main  stretching 
vibration  Uq,.  These  shifts  should  therefore  correspond  (with  minor  corrections  due  to  the 
excited  vibrational  state)  to  the  frequencies  of  the  OH/OD  librations  in  these  host  lattices. 
The  ratio  of  the  librational  sideband  splitting,  i.e.  the  difference  between  the  wavenumbers 
of  the  librationH- vibration  combination  band  and  the  wavenumber  of  the  streching  vibration, 
for  OH  and  OD  is  in  accord  with  the  ratio  of  the  reduced  mass  of 


the  OH/OD  oscillator 


^vihQ„+lib 


Further  evidence  for  the  librational  character  of  the  sidebands  can  be  obtained  from  the 
polarization  properties  of  these  transitions.  Whereas  the  OH/OD  stretching  vibration  in  all 
cases  has  been  observed  to  be  completely  polarized  perpendicular  to  the  polar  z-axis  in 
LiNb03,  the  libration  is  expected  to  display  a  three-dimensional  character.  Indeed  the 
absorption  of  the  combination  bands  yields  for  polarized  light  ratios  of  the  integrated 
absorption  intensities  of  I||/I^  «  0.55  ±  0.05  for  OH  with  respect  to  z.  This  indicates  a  strong 
component  of  the  librational  transition  moment  which  occurs  parallel  to  the  z-axis  as  well 
and  supports  the  three-dimensional  character  of  the  librational  motion.  The  fact  that  the 
absorption  parallel  and  perpendicular  to  the  z-axis  appears  at  the  same  spectral  position 
points  to  a  potential  for  the  libration  which  is  the  same  in  both  directions  (parallel  and 
perpendicular  z).  For  the  interpretation  of  the  mobility  of  the  protons  in  LiNb03  with  the 
libration  as  an  attempt  frequency  this  would  lead  to  an  isotropic  activation  energy  which 
indeed  has  been  observed  in  LiNb03  for  OH/OD  centres.  ’  These  properties  and  the  existence 
of  a  librational  motion  will  advance  the  model  discussion  of  the  OH  centres  in  LiNb03. 

This  work  was  supported  by  the  DFG  (SFB  225). 
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High  resolution  FTIR  absorption  spectroscopy  has  been  used  to  study  the  vibrational  modes  of  hydroxyl  ions 
incorporated  into  Bi4Si30i2  crystals.  The  single  narrow  absorption  band  observed  at  3570.92  cm“‘  at  9  K  has 
been  attributed  to  the  fundamental  stretching  mode  of  the  OH“  ion.  The  first  overtone  of  the  OH"  vibration  and 
the  fundamental  OD"  transition  in  deuterated  crystal  have  also  been  measured.  The  model  of  the  anharmonic 
oscillator  in  the  Morse  potential  has  been  applied  to  interpret  the  spectra  observed.  The  phonon  coupling  of  the 
OH"  vibration  has  been  studied  by  analyzing  the  temperature  dependence  of  the  OH"  absorption  line  position 
and  width. 

Key  words:  Bi4Si30,2  crystal,  OH"  vibration,  FTIR  spectroscopy. 


1  INTRODUCTION 

Bismuth  germanate  (Bi4Ge30,2)  single  crystals  of  the  eulytite  structure  (with  I43d  cubic 
space  group)  are  commonly  used  as  scintillators  because  of  their  efficient  luminescence 
properties.  Their  defect  structure  is  widely  studied  by  using  various  spectroscopical  methods: 
recently  the  presence  of  hydroxyl  ions  detected  by  the  infrared  absorption  technique  has  been 
reported.''^  A  set  of  lines  around  3400-3500  cm”'  attributed  to  localized  OH”  vibrations  was 
detected  in  hydrothermally  grown  Bi4Ge30i2,'  while  in  crystals  grown  by  the  Czochralski 
method  only  one  relatively  narrow  band  (~5  cm”'  at  9  K)  was  found  at  -3385  cm”'.^ 

Much  less  is  known  about  the  orthosilicate  eulytite  (Bi4Si30,2)  itself.  Although  the  infrared 
absorption  spectra  of  Bi4Si30i2  in  the  400-4000  cm”'  wavenumber  range  have  already  been 
measured,"  no  signal  attributable  to  OH”  vibration  has  been  observed. 

The  present  paper  fits  in  the  series  of  our  studies  on  the  vibrational  properties  of  hydroxyl 
ions  in  crystals  based  on  bismuth  oxide  (e.g.  BiijMeOjo  sillenite,  Bi4Me30|2  eulytite  with 
Me  =  Ge,  Si)."''  The  presence  of  OH”  in  these  crystals  grown  from  the  melt  in  air  atmosphere 
seems  to  be  a  general  phenomenon,  its  incorporation  and  vibrational  properties  are,  however, 
strongly  influenced  by  the  crystal  and  defect  structure. 


2  EXPERIMENTAL 

The  B^SijOij  crystal  was  grown  in  air  by  the  diameter  controlled  Czochralski  method  using 
high  purity  Bi203  and  Si02  raw  materials.  An  18  mm  long  sample  perpendicular  to  the 
growth  axis  was  cut  and  polished  to  detect  the  OH”  signal  expected.  OD”  absorption  was 
measured  on  the  same  sample  after  the  isotopic  substitution  of  H  with  D  obtained  by  heating 
the  sample  at  -800  °C  for  4  hours  in  O2  gas  flowing  through  heavy  water  (D2O). 

The  high  resolution  (0.05  cm”')  spectra  were  measured  by  a  Bomem  DA8  FTIR 
spectrophotometer  in  the  9-300  K  temperature  range  using  a  21SC  model  cryostat  of 
CTI-Cryogenics. 
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3  RESULTS  AND  DISCUSSION 

Only  one  narrow  absorption  band  was  detected  in  the  3300-3600  cm^'  wavenumber  range 
typical  for  OH  vibrations  in  oxide  crystals.  The  position  and  halfwidth  (full  width  at  half 
maximum)  of  the  line  at  9  K  are  3570.92  cm"'  and  0.45  cm"',  respectively.  By  increasing 
the  temperature  the  intensity  of  the  band  decreased,  the  halfwidth  increased  and  the  position 
shifted  to  lower  wavenumbers  (Figure  1).  The  integrated  intensity  remained  constant  in 
the  whole  temperature  range  between  9-300  K.  The  concentration  of  OH"  estimated  from 
the  integrated  intensity  and  calibrations  for  other  oxides^’®  is  about  3  8  x  lO'^  cm"". 

In  order  to  ascertain  that  hydrogen  is  involved  in  the  defect  responsible  for  the  above 
line  the  sample  was  kept  at  800  °C  in  DjO  vapour  atmosphere.  After  the  treatment  the 
absorption  at  3570.92  cm"'  decreased  and  a  new  band  at  2637.6  cm"'  appeared  as  it  can  be 
seen  on  the  inset  of  Figure  2.  (The  strong  and  wide  overlapping  bands  between  2550-2800 
cm"'  belong  to  the  three-phonon  transitions  of  the  Si04  tetrahedral  vibrations.")  The  ratio 
between  the  positions  of  the  3570.92  and  2637.6  cm"'  bands  (R  =  1.354)  is  nearly  equal  to 
the  square  root  of  the  ratio  of  the  reduced  masses  of  free  OD  and  OH  molecules  {Rf=  1 .374) 
confirming  the  assumption  that  the  lines  belong  to  OH"  and  OD"  vibrations,  respectively. 
The  difference  between  the  ratios  mentioned  above  reveals  the  anharmonicity  of  the 
oscillator.  Due  to  the  anharmonicity  overtone  transition  was  expected  and  indeed  found  at 
6970.7  cm"'.  Applying  the  model  of  the  anharmonic  oscillator  in  the  Morse  potential  the 
anharmonicity  parameter,  was  determined  both  from  the  wavenumber  of  the  overtone 
and  from  that  of  the  OD"  vibration  assuming  free  OH/OD  molecules  (see  Table  I).  The 
small  difference  between  the  two  values  shows  that  the  free  OH  molecule  model  can  be 
regarded  as  a  good  approximation.  The  values  calculated  are  in  agreement  with  those 


FIGURE  1  Temperature  dependence  of  the  OH"  absorption  band  in  BijSijO.j  crystals  measured  by  high 
resolution  FTIR  spectroscopy  in  the  20-300  K  temperature  range. 
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FIGURE  2  FTIR  spectrum  of  the  6148130,2  crystal  In  the  range  of  the  three-phonon  absorption  measured  at 
9  K.  The  Inset  shows  the  OD~  absorption  band  In  the  sample  treated  In  heavy  water. 


TABLE  I 

Hydroxyl  absorption  band  parameters  in  6148130,2  crystals  measured 
at  9  K,  and  the  anharmonicity  parameter,  x,  calculated  by  applying  the 
model  of  the  Morse  potential  (AG  is  the  position,  W  is  the  halfwidth 
of  the  absorption  bands). 


AG  (cm  ‘) 

W(cm-') 

OHo^, 

3570.92 

0.45 

OHo^2 

6970.70 

1.04 

0.0229 

2637.60 

0.35 

0.0255 

reported  for  OH“  -related  defects  in  other  oxides  and  in  alkali  halides  providing  further 
confirmation  that  the  3570.92  cm“^  band  observed  belongs  to  the  stretching  mode  of  the 
hydroxyl  ion. 

The  phonon  coupling  of  the  OH“  vibration  has  also  been  studied  by  analyzing  the  detailed 
temperature  dependence  of  the  line  position  and  width  (Figure  3).  Assuming  a  single  phonon 
coupling  modef  the  phonon  frequency  cuq,  the  width  7,  and  the  coupling  constant  8(o  can 
be  determined  using  equations  (13)  and  (14)  of  ref.  4.  The  solid  lines  shown  in  Figure  3 
represent  the  fitted  curves  in  the  9-100  K  temperature  range.  The  parameters  obtained  are 
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temperature  (K) 

FIGURE  3  Temperature  dependence  of  the  width  (upper  part)  and  position  (lower  part)  of  the  OH" 
absorption  band.  The  solid  lines  represent  the  fitted  curves  of  the  weak  phonon  coupling  model. 


(x)q  ~  83  cm"’,  Y~  35  cm~\  and  8a)  ^  -6  cm“‘.  The  frequency  of  the  coupled  phonon  is  close 
to  a  phonon  line  measured  by  Raman  scattering  method  (w  ^  ~  94  cm“*  ).^  Although  the 
OH”  absorption  lineshape  was  found  to  be  Lorentzian  in  the  whole  9-300  K  temperature 
range  as  it  is  expected  in  the  model  and  the  I6a>l  «  y  assumption  for  the  weak  coupling  is 
roughly  fulfilled,  a  relatively  good  fit  could  only  be  obtained  up  to  100  K.  Above  100  K 
the  temperature  dependence  of  the  halfwidth  became  linear  (dashed  line  in  the  upper  part 
of  Figure  3)  instead  of  the  exponential  behaviour  as  expected  and  found  e.g.  in  the  case  of 
BSO,  BGO,  BTO  sillenites."^ 

A  well  established  model  for  the  OH”  defect  cannot  be  concluded  from  our  data.  From 
the  general  charge  compensation  role  of  the  hydroxyl  ion  and  from  the  similarities  of  the 
sillenite  BSO  and  eulityte  Bi4Si30i2  structures  one  may  assume  that  the  OH”  ion  replaces 
oxygen  sitting  near  an  antisite  tetrahedrally  coordinated  Bi^^ion. 
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High  resolution  FTIR  absorption  spectroscopy  in  the  600-3500  cm"'  wavenumber  and  9-300  K  temperature 
ranges  was  applied  to  study  multi-phonon  transitions  of  the  tetrahedral  unit  modes  in  BSO,  BGO,  BTO  and 
mixed  BSO-BGO  sillenite  crystals.  Up  to  four-phonon  (overtones  of  the  F  mode  and  combination  of  F  and  A 
modes)  transitions  were  detected  in  BGO,  BSO,  and  BTO  and  up  to  three-  in  the  mixed  crystals.  The  F  mode 
anharmonicity,  evaluated  in  the  framework  of  the  Morse  oscillator  model,  was  in  the  range  0.0024—0.0056.  Fine 
structures  due  to  Si-isotopes  were  observed  in  BSO.  The  two-  and  three-phonon  transitions  in  the  mixed  crystals 
were  well  described  by  a  two-mode  behaviour. 

Key  words:  vibrational  modes,  FTIR  spectroscopy,  sillenites,  multi-phonon  transitions. 


1  INTRODUCTION 

BGO,  BSO  and  BTO  belong  to  sillenites  with  the  general  formula  Bii2Me02o  (with  Me  = 
Ge,  Si  and  Ti).  They  are  large  gap  semiconductors  and  show  many  interesting  properties 
(e.g.  the  photorefractive  effect)  which  can  be  exploited  for  advanced  technological 
applications. 

The  vibrational  spectra  of  sillenites  have  already  been  studied  by  means  of  infrared  (IR) 
reflectivity,*  Raman  spectroscopy  measurements,^  and  theoretical  calculations.*  In  the 
wavenumber  region  v  <  600  cm"*  the  vibrational  frequencies  differ  slightly  in  the  different 
matrices  and  are  attributed  to  the  vibrational  modes  of  Bi  and  O  in  Bi304  and  Bi30  units. 
For  600  cm"*  <v<  850  cm"*  the  reflectivity  and  Raman  peaks  are  characteristic  of  a  given 
matrix  and  have  been  attributed  to  the  asymmetric  F  and  symmetric  A  stretching  modes  in 
the  Me04  tetrahedral  unit.  Two-  and  three-phonon  transitions  related  to  the  tetrahedral  unit 
modes  have  been  detected  by  optical  absorption  measurements  performed  mainly  at  room 
temperature.^"^  In  the  present  paper  we  have  applied  high  resolution  FTIR  absorption 
spectroscopy  in  the  600-3500  cm"*  wavenumber  and  9-300  K  temperature  ranges  to  study 
the  overtone  and  combination  transitions  of  the  tetrahedral  unit  modes  (up  to  four  phonons) 
in  BGO,  BSO,  BTO  crystals,  in  order  to  evaluate  the  anharmonicity  contributions.  The 
analysis  was  extended  to  mixed  BSO-BGO  systems  in  which  the  two-mode  behaviour^ 
gives  a  satisfactory  description  even  for  the  two-  and  three-phonon  transitions. 


2  EXPERIMENTAL  DETAILS 

BSO,  BGO  and  mixed  BSO-BGO  crystals  were  grown  in  air  by  the  balance  controlled 
Czochralski  technique.  The  incongruently  melting  BTO  crystals  were  grown  from  solution 
by  the  top  seeding  technique.’  In  the  mixed  crystals  ( 1  -  jc)BSO-jcBGO  the  nominal  x  fraction 
was  0.25, 0.5  and  0.75.  Oriented  samples  were  cut  in  shape  of  parallelepipeds  and  the  (100) 
faces  were  polished.  The  cross  section  was  - 1  cm^  and  the  thickness  was  in  the  range  0.4-24 
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mm.  Chips  of  sillenite  single  crystals  were  finely  ground  and  mixed  with  KBr  powders  in 
the  weight  ratio  1 : 100  to  obtain  pellets  used  to  measure  the  IR  spectra  in  the  high  absorption 
coefficient  region. 

The  optical  absorption  measurements  were  performed  by  means  of  a  Bomem  DAS  FTIR 
spectrophotometer  operating  in  the  range  4000-200  cm~\  with  a  resolution  as  good  as 
0.04  cm”^  The  spectra  were  recorded  in  the  range  9-300  K,  by  assembling  the  sample  in 
a  21SC  model  Cryodine  Cryocooler  of  CTRCryogenics. 


3  RESULTS  AND  DISCUSSION 

The  main  features  of  the  BSO  absorption  spectrum  measured  at  9  K  in  the  range  600-3500 
cm”'  are  summarized  in  Figure  1.  A  single  line  appears  at  Vfr  =  830  cm”'  which  is  attributed 
to  an  asymmetric  F  stretching  mode  of  the  Me04  tetrahedral  unit.'  Two  strong  lines, 
accompanied  by  a  few  weaker  ones,  are  detected  at  wavenumbers  which  are  roughly  n  times 
^'^(with  n = 2, 3, 4).  A  magnified  presentation  of  the  spectra  is  given  in  Figure  2.  The  amplitude 
of  the  lines  decreases  drastically  by  increasing  n,  as  can  be  guessed  by  comparing  the 
magnification  factors  and  the  thicknesses  d  of  the  samples,  used  for  detecting  each  n-order 
spectrum,  see  Figure  1.  The  absorption  for  n  =  1  could  be  measured  only  on  a  pellet  where 
the  BSO  equivalent  thickness  is  drastically  reduced,  thanks  to  the  dilution  into  KBr.  Similar 
results  were  obtained  for  BGO  (with  Vf=6S0  cm”')  and  BTO  (with  Vf=666.5  cm”'),  although 
the  spectra  do  not  show  the  fine  structure  displayed  by  BSO.  By  increasing  the  temperature 
from  9  to  300  K,  no  remarkable  shift  of  the  main  lines  is  observed,  but  most  of  the  weaker 
lines  and  the  fine  structure  are  lost:  for  example  of  the  10  lines  displayed  at  9  K  in  BSO  (see 
Figure  2  for  n  =  2)  only  3  are  detected  at  300  K. 


v  (cm  ^) 

FIGURE  1  Optical  absorption  spectra  measured  at  9  K  in  the  range  600-3500  cm"‘  of  BSO  crystals.  The 
short  wavenumber  side  spectrum  was  measured  on  a  KBr  +  BSO  pellet,  due  to  the  high  absorption  coefficient 
of  BSO.  The  spectra  in  the  other  regions  were  measured  on  massive  samples,  whose  thickness  d  is  indicated.  Vp 
is  the  frequency  of  the  short  wavenumber  peak.  The  spectra  in  the  region  at  3vp  and  4v^  are  magnified  by  a 
factor  10  and  20  respectively. 
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Most  of  the  structures  shown  by  the  infrared  spectra  of  sillenites  can  be  understood  by 
considering  1)  absorptions  due  to  combination  modes,  i.  e.  one  or  more  F  modes  (IR  active) 
+  one  or  more  A  modes  (IR  inactive)  are  contemporaneously  excited;  2)  absorptions  due 
to  overtone  transitions  of  the  F  mode;  3)  isotopic  effects,  which  are  particularly  relevant  in 
the  case  of  BSO,  since  in  addition  to  the  most  abundant  ^^Si  (92.2%)  there  are  also  ^^Si  and 
^®Si  present  in  natural  abundances  of  4,7%  and  3.1%  respectively.  By  following  the  above 
criteria  most  of  the  lines  were  assigned  as  summarized  in  Figure  2.  For  n  =  1  the  shoulders 
at  short  wavenumbers  can  be  attributed  to  the  isotopic  replica  due  to  ^^Si  and  ^^Si  of  the 
main  peak  at  830  cm"^  due  to  the  most  abundant  ^^Si,  in  agreement  with  the  Raman 
spectroscopy  results.^  The  two  strong  lines  observed  for  n  =  2,  3, 4  are  due  to  (/  x  F  +  m  x 
A)  combination  modes  (/  =  1,  2;  m  =  1,  2,  3)  and  to  overtone  of  the  F  mode  {n  =  2),  while 
the  minor  structures  are  due  to  overtones  (for  n  =  3,  4)  and  to  combination  (n  =  4).  In  the 
case  of  n  =  2  the  isotopic  effects  are  also  clearly  detectable,  as  indicated  in  Figure  2.  The 
same  approach  was  used  to  interpret  the  results  for  BGO  and  BTO:  in  these  cases,  however, 
the  fine  structure  due  to  Si-isotopes  is  missing  and  only  a  broadening  of  the  lines  is  observed. 
The  presence  of  the  F  mode  overtones  up  to  n  =  4  suggests  that  anharmonic  effects  occur 
in  the  asymmetric  stretching  of  the  Me04  tetrahedron.  Therefore,  as  a  first  approach,  we 
fitted  the  observed  transition  wavenumbers  (for  n  =  1,  2,  3,  4)  in  BSO,  BGO,  and  BTO  to 
those  AG„o  predicted  in  the  framework  of  the  Morse  anharmonic  oscillator  model.^  One  has: 

AGJn  =  o),[l-xXn+l)]  (1) 


FIGURE  2  Optical  absorption  spectra  measured  at  9K  of  BSO  crystals  in  the  region  at  V/r  (top  left),  at  2v^(top 
right),  at  TiVp  (bottom  left),  and  at  Avp  (bottom  right).  The  assignment  of  the  most  of  the  lines  is  shown  as  overtones 
of  the  F  modes  and  as  combinations  of  F  and  A  modes.  F„,  F^,  and  F^  are  the  F  mode  absorptions  related  to  different 
isotopes,  ^*Si,  ^^Si,  and  ^”Si  respectively. 
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where  (o^,  and  n  are  the  oscillator  frequency,  the  anharmonicity  parameter,  and  the 
vibrational  quantum  number,  respectively.  According  to  (1)  a  plot  of  AG^q/u  vs.  n  should 
give  a  straight  line,  from  the  slope  of  which  one  can  evaluate  This  relationship  was 
indeed  fulfilled  for  all  the  F  modes  detected  (up  to  n  =  4)  in  BSO,  BGO,  and  BTO:  the 
values  of  were  0.0056, 0.0039,  and  0.0024,  respectively.  It  turns  out  that  the  tetrahedron 
asymmetric  F  stretching  can  be  satisfactorily  described  by  the  Morse  model,  which  has 
been  proposed  originally  for  a  simple  free  diatomic  molecule.  This  confirms  the  hypothesis 
according  to  which  the  measured  frequencies  in  BGO  and  BSO  {n  =  1)  fit  quite  well  the 
highest  of  the  normal-mode  frequencies  of  Ge04  and  Si04  molecular  groups.*  The 
anharmonicity  of  the  tetrahedral  vibration  is  smaller  than  that  (x^  ~  2.7  x  10“^)  reported  for 
the  localized  mode  induced  by  OH"  in  the  same  matrices.’ 

A  similar  analysis  has  been  extended  to  the  mixed  Bij2Ge^Sii_^02o  crystals.  The  overtone 
spectra  (detected  up  to  n  -  3)  typical  of  BGO  and  BSO  were  both  present,  as  well  as  the 
combination  of  A  and  F  modes.  Their  amplitude  scales  with  x  and  (1  -x),  respectively,  and 
their  separation  decreases  slightly  by  increasing  the  deviation  from  the  extreme 
compositions.  The  shift  of  each  line  with  respect  to  the  position  observed  in  the  crystal  of 
extreme  composition,  i.  e.  x  =  0,  or  x  =  1,  was  found  to  be  a  linear  function  of  x  or  (1  -  x), 
respectively,  as  is  shown  in  Figure  3  for  the  region  of  n  =  3.  Such  a  linearity  is  observed 
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FIGURE  3  Shift  of  the  lines,  measured  at  9  K,  in  the  region  at  in  mixed  BSO-BGO  crystals  as  a  function 
of  the  Ge  and  Si  fraction. 
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only  if  the  x  value  are  those  obtained  from  the  chemical  analysis  of  Si  and  Ge  performed 
on  the  samples  investigated,  and  not  the  nominal  ones  (in  the  melt).  The  position  and  the 
amplitude  of  the  lines  stress  that  the  Me04  tetrahedron  stretching  modes  in  BSO-BGO 
mixed  crystals  are  well  described  by  a  two-mode  behaviour,^  not  only  for  the  fundamental 
transitions  but  also  for  the  overtones  and  the  combination  transitions  (at  least  up  to  n  =  3). 
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The  Direct  Signal  Analysis  is  applied  here  to  the  decomposition  of  the  whole  TSDC  peak  in  elementary  curves 
with  temperature  dependencies  for  the  relaxation  times  either  Arrhenius  or  Vogel-Fulcher  in  crystalline 
(SrF2:Gd^^  or  La^"")  or  amorphous  materials  (Bisphenol  A  Polycarbonate).  The  energy  histogram  obtained  after 
fitting  the  complex  peak  gives  the  profile  of  the  energy  distributions;  Lorentzian  distributions  were  found  for  the 
simple  dipolar  peaks  and  small  clusters  in  crystalline  materials,  whereas  for  the  )3-band  in  PCBA,  the 
distributions  are  Gaussian.  The  high  temperature  spectrum  corresponds  for  both  materials  to  very  narrow 
distributions  both  for  the  Maxwell  Wagner  polarization  originated  high  temperature  peak  in  SrF2  or  for  the  glass 
rubber  transition  in  PCBA.  Vogel-Fulcher  relaxation  times  had  to  be  used  in  the  latter  case. 

Key  words:  Thermally  stimulated  depolarization  currents,  dielectric  relaxations,  fluorites,  polycarbonate,  glass 
transition,  Vogel-Fulcher  relaxation  time. 


1  INTRODUCTION 

Thermally  Stimulated  Depolarization  Currents  (TSDC  or  ITC)  technique  is  the  most 
sensitive  technique  for  the  study  of  the  dielectric  relaxations  of  a  material  that  contains 
polarizable  entities  such  as  the  impurity-interstitial  fluorine  dipoles  in  fluorite  crystals  doped 
with  tri valent  rare  earths^  or  the  orientable  molecular  segments  with  net  dipolar  moment 
in  amorphous  materials.^’^  In  highly  doped  crystals  or  in  amorphous  materials  the  spectrum 
is  made  of  broad  bands  which  are  the  sum  of  different  processes  which  occur  over  strongly 
overlapping  temperature  regions.  We  propose  a  new  method"^  based  on  the  idea  of  the  Direct 
Signal  Analysis  (DS  A)  recently  introduced  by  Cost.^  The  advantage  of  this  procedure  upon 
the  usual  ones,  where  the  energy  or  Tq  are  assumed  to  be  distributed,  is  that  no  a  priori  guess 
has  to  be  made  on  the  analytical  expression  of  the  distribution  function,  or  even  on  the 
number  of  overlapping  relaxations  whose  sum  is  represented  by  the  recorded  current. 


2  DIRECT  SIGNAL  ANALYSIS 

A  computer  program  was  written  to  analyze  complex  TSDC  relaxations,  i.e.  the  complex 
curve  is  thought  as  the  composition  of  N  curves  whose  characteristic  energies  are  equally 
spaced  in  a  given  energy  window.  The  expression  for  the  current  density  JpiT)  when  the 
temperature  is  raised  with  a  linear  rate,  b,  is  now  written  as  a  sum  of  N  elementary  TSDC 
curves,  each  of  them  characterized  by  r,  (Tj)  and  by  a  contribution  to  the  total  polarization, 
Poi 
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The  experimental  trace  can  now  be  fitted  by  solving  either  the  above  linear  set  of  equations 
if  Tq  is  not  a  parameter  of  the  fitting,  or  non  linear  least  squares  procedure  if  the  N  Toj  are 
included  in  the  parameters  to  be  adjusted.  The  initial  parameters  are  the  threshold  and  the 
width  of  the  energy  window  divided  in  N  adjacent  intervals  or  energy  bins,  the  %  which 
may  be  identical  or  distributed,  and  the  N  starting  values  for  Pq,,  which  form  a  square  box 
distribution,  i.e.  all  the  bins  are  initially  contributing  equally  to  the  total  polarization  of  the 
sample.  The  computer  program  based  on  the  Levenberg-Marquardt  algorithm  will  return 
an  energy  histogram  whose  height  is  the  adjusted  contribution  of  each  energy  bin  to  the 
polarization,  together  with  the  best  fitted  value  for  the  corresponding  Toj.  The  program  was 
successfully  tested  with  computer  generated  curves  with  an  increasing  degree  of  complexity. 
The  Arrhenius  temperature  dependence  for  the  relaxation  time  t{T)  =  Tq  exp  {E/kT),  has 
been  successfully  used  in  the  case  of  dipolar  relaxations  in  crystalline  solids  where  the  Debye 
model  has  been  shown  to  be  valid.  In  the  case  of  polymers  or  glass  forming  materials,  the 
low  temperature  relaxations  can  still  be  described  by  an  Arrhenius  law  for  the  relaxation  time. 
The  relaxations  which  occur  at  temperatures  above  the  glass-transition  temperature,  7^,  are 
best  described  by  a  Vogel-Fulcher  temperature  dependence,  t(7)  =  Tq  exp[£^A(r  -  7^)], 
where  Tq  is  the  temperature  at  which  the  relaxation  is  frozen.  When  using  this  expression  for 
the  relaxation  times  in  our  program,  Tq  was  included  among  the  parameters  to  be  fitted. 


3  EXPERIMENTS  AND  RESULTS 

The  crystalline  samples  chosen  here  were  SrF2  disk  shaped  single  crystals  doped  with  La^^ 
(0.5%  in  molar  fraction)  or  with  Gd^”^  (2%  in  molar  fraction)  provided  by  Optovac  Inc.. 
The  amorphous  material  is  a  sample  of  Polycarbonate  of  Bisphenol  A,  PCBA,  (4,4' 
Isopropylidene  Diphenol)  grown  from  pellets  from  Bayer,  Makrolon  3203,  with  2%  of 
crystallinity  obtained  by  exposures  to  acetone  vapors.  The  heating  rate  is  approximately 
0.1  Ks"‘  for  all  the  peaks  shown  in  this  work.  The  polarizing  temperatures  were  chosen  at 
the  maximum  of  the  peaks  under  study. 

The  TSDC  spectra  of  the  solid  solutions  of  the  form  Sri_xGdxF2+j,  consist  of  at  least  four 
relaxations  below  room  temperature  and  a  high  temperature  complex  peak.  In  Figure  1  the 
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FIGURE  1  TSDC  relaxation  for  a  Srg  98Gdoo2F2.o2  crystal,  nnn  and  cluster  associated  dipolar  relaxation. 
Energy  histogram  resulting  from  the  Direct  Signal  Analysis  is  represented  in  the  insert,  interrupted  lines  are 
Lorentzian  distributions  and  the  continuous  line  their  sum. 
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most  intense  band  for  Sr0.9gGd0.02F2.02  shows  a  maximum  at  210  K  which  is  attributed  to  the 
next  nearest  neighbor  Gd^"^  -  Fj"  dipole  and  another  at  237  K  which  is  due  to  the  reorientation 
of  a  larger  polarizable  cluster.  The  result  of  the  DSA  fitting  is  represented  by  a  continuous 
line  and  it  can  be  seen  that  the  agreement  is  excellent.  In  the  insert  of  Figure  1  the  energy 
histogram  resulting  from  the  DS Analysis  is  shown.  The  Tq-,  values  are  almost  constant  and 
equal  to  5  X  10"‘^  s  for  most  of  the  energy  bins.  The  energy  histogram  can  now  be  fitted  by 
the  composition  of  two  Lorentzian  energy  distributions  respectively  represented  by 
interrupted  and  dotted  lines  in  the  insert.  This  fitting  with  Lorentzian  distributions  is  obtained 
here  for  the  first  time  in  the  analysis  of  the  profile  of  TSDC  peaks.  For  this  highly  doped 
crystal  it  shows  that  the  dipole-dipole  interaction  is  responsible  for  the  peaks  broadening. 

The  High  Temperature  peak  for  Sro  995Lao.005F2.005,  whose  anomalous  behavior  has  been 
reported^  and  explained  as  a  Max  well- Wagner  polarization  around  the  dislocations  of  the 
crystal,  was  also  fitted  and  Arrhenius  relaxation  times  were  used.  The  energy  histogram 
found  here  is  very  close  to  a  box  shape  ranging  from  1.25  to  1.30  eV,  with  a  single 
To=  1.5x10-*'  s. 

In  the  case  of  amorphous  materials  such  as  the  PCB  A  with  8%  of  crystallinity,  the  TSDC 
spectrum  consists  of  a  jS-band  for  the  secondary  relaxation  at  low  temperatures  which  could 
be  decomposed  after  the  DSA  fitting  into  four  components  each  of  them  with  Gaussian 
energy  distributions  and  which  are  attributed  to  the  local  motions  in  the  amorphous  zones 
involving  either  the  methyl  groups  or  the  carbonate  groups,  restricted  or  not  by  the  adjacent 
phenyl  groups. 

In  Figure  2  the  high  temperature  TSDC  spectra  given  by  the  PCB  A  sample  is  shown  and 
again  the  continuous  line  is  the  result  of  the  DSA  procedure.  The  predominant  peak  is  the 
a  transition  at  421  K  which  is  the  dielectric  manifestation  of  the  glass-rubber  transition 
observed  by  Differential  Scanning  Calorimetry  at  = 4 1 8  K.  A  second  relaxation  is  observed 
at  444  K  which  has  been  attributed  to  the  space  charge  relaxation.  The  sum  of  squares 
residual,  could  only  reach  acceptable  values,  i.e.  less  than  10-^  if  the  relaxation  time  was 

supposed  to  follow  a  Vogel-Fulcher  temperature  dependence.  An  additional  parameter, 
had  then  to  be  included  in  the  fitting.  The  energy  histogram  is  shown  in  the  insert  of  Figure 

2  and  is  remarkable  for  the  sharpness  of  the  zone  corresponding  to  the  peak  which  is 
concentrated  in  .02  eV.  The  corresponding  distribution  in  Tq  shows  clearly  the  existence  of 

3  relaxation  mechanisms,  with  an  almost  constant  value  for  the  transition,  0.9  x  10"*'  s. 


Temperature  (K) 

FIGURE  2  HT  TSDC  spectrum  of  Polycarbonate  of  Bisphenol  A,  Glass-Transition  Relaxation  and  Space 
Charge  Peak.  Energy  histogram  resulting  from  the  Direct  Signal  Analysis  is  represented  in  the  insert. 
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The  value  found  for  Tq  is  349.3  K.  The  Vogel-Fulcher  equation  is  related  to  the  free  volume 
theory  where  the  free  volume  fraction  trapped  in  the  material  has  an  expansion  coefficient 
af  for  temperatures  above  Tq.  This  expansion  coefficient  is  oy  =  k/E'  which  for  the  central 
energy  bin  of  our  distribution  will  give  a  value  of  3.8  x  10“^  K“*.  The  fractional  free  volume 
calculated  at  as  (T^  -  TJ  was  found  equal  to  2.7%  which  is  most  reasonable  for 

this  kind  of  material.  The  highest  temperature  peak  reported  here  corresponds  to  the  relaxation 
of  the  space  charge  blocked  at  the  electrodes  as  it  depends  strongly  on  the  nature  of  the 
contacts  with  the  metallic  plates. 


4  CONCLUSIONS 

We  have  shown  the  validity  of  the  Direct  Signal  Analysis  to  decompose  the  complex  TSDC 
curve  in  its  elementary  components  when  it  is  applied  to  crystalline  and  amorphous  materials. 
In  the  case  of  the  fluorite  crystals  we  have  been  able  to  show  that  the  dipoles  in  a  highly 
doped  crystal  present  a  Lorentzian  energy  distribution  which  is  the  expected  result  if  the 
dipole-dipole  interaction  is  the  main  cause  of  the  broadening  of  the  TSDC  peak.  For 
amorphous  polycarbonate  the  secondary  relaxations  are  broadened  due  to  Gaussian  energy 
distributions  accompanied  by  a  variation  in  the  Tq  values  corresponding  to  each  energy  bin. 
As  to  the  relaxation  related  to  the  glass  transition  temperature  is  has  been  shown  that  the 
TSDC  curve  can  only  be  decomposed  if  the  free  volume  concept  for  the  relaxation  times 
is  used  and  then  a  very  sharp  distribution  is  found.  The  Maxwell  Wagner  relaxation  in  SrF2, 
due  to  the  interfacial  polarization  around  the  dislocations,  also  gives  a  narrow  distribution, 
in  this  case  box-shaped 


ACKNOWLEDGMENTS 

The  authors  gratefully  acknowledge  financial  support  from  the  Consejo  Nacional  de  Investigaciones  Cientificas 
y  Tecnologicas  (Programa  de  Nuevas  Tecnologias  Proyecto  NM-OlZ). 


REFERENCES 

L  N.  Suarez,  M.  Diaz,  A.  Bello  and  E,  Laredo,  Defects  in  Insulating  Materials,  O.  Kanert  and  J.  M.  Spaeth 
eds,  (World  Scientific,  London,  1993),  p.  810. 

2.  E.  Laredo,  M.  Aldana,  N.  Suarez,  A,  Bello  and  M.  Diaz,  Mat.  Eng.  4,  237  (1993), 

3.  A.  Bernes,  D.  Chatain  and  C.  Lacabanne,  Polymer  33,  4682  (1992). 

4.  M.  Aldana,  E.  Laredo,  A.  Bello  and  N.  Suarez,  J.  Polymer  Sc.:  Polym.  Phys.,  32,  2197  (1994), 

5.  L  R.  Cost,  J.  Appl.  Phys.  54,  2137  (1983). 

6.  N.  Suarez,  E.  Laredo,  F.  Lorenzo,  A.  Bello  and  M.  Puma,  Solid  State  Ionics  37,  103  (1990). 


Radiation  Effects  and  Defects  in  Solids,  1995,  Vol.  134,  pp.  303-305 
Reprints  available  directly  from  the  publisher 
Photocopying  permitted  by  license  only 


©  1995  OPA  (Overseas  Publishers  Association) 
Amsterdam  B.V.  Published  under  license  by 
Gordon  and  Breach  Science  Publishers  SA 
Printed  in  Malaysia 


LATTICE  DEFECTS  IN  BERYLLIUM  OXIDE 

I.  N.  ANTSIGIN  and  A.  V.  KRUZHALOV 

Ural  State  Technical  University,  Ekaterinburg,  Russia 
(Reveiced  July  1,  1994) 

Classification,  brief  description  of  structure  as  well  as  paramagnetic  and  optical  properties  of  point  defects 
found  to  date  in  beryllium  oxide  crystals  are  presented. 


The  data  on  paramagnetic  and  optical  properties  of  point  defects  in  beryllium  oxide  crystals 
are  considered  in  this  paper.  An  attempt  has  been  made  for  the  first  time  to  create  a 
comprehensive  picture  of  the  already  known  defects  in  BeO.  We  classify  the  defects  by 
the  following  features: 

— defects  in  cation  and  anion  sublattice; 

— proper  and  impurity  defects: 

— growth  defects  and  radiation-induced  defects; 

— point  and  complex  defects. 

V-type  defects  are  hole-trapped  centers  based  on  cation  vacancies.^  They  are  formed 
during  crystal  growth  (which  is  non-stoichiometric  in  cation  sublattice)  and  under  neutron 
irradiation.  The  difference  above  the  mechanisms  of  defect  formation  appears  itself  in 
annealing — a)  in  the  first  case  thermoactivated  hole  delocalization  takes  place  b)  in  the 
second  case  there  occurs  an  annihilation  of  interstitial-vacancy  cation  pairs. 

Impurity  defects  Af  Zxi^  centers  are  substitutional  ions  in  the  cation  site  trapping 
the  electron  at  X-irradiation.^’^'^  The  [Li]o  center  has  a  different  structure — the  hole  is 
trapped  as  the  oxygen  ions  nearest  to  Li  impurity.^  No  impurity  centers  in  the  anion  sublattice 
were  found. 

The  proper  defects  in  the  anion  sublattice  are  formed  only  under  neutron  irradiation. 
F,F''  centers  are  anion  vacancies  in  different  charge  states.^’^ 

Complex  defects  appear  in  BeO  crystal  upon  thermal  treatment  of  neutron-irradiated 
samples.  We  have  studied  the  P"  center  (which  is  an  anion-cation  divacancy  trapping  the 
electron)'*  and  complex  hole  defects  transforming  their  structure  and  changing  the 
luminescent  properties  in  the  process  of  annealing.^ 

The  optical  and  paramagnetic  characteristics  of  the  centers,  their  structure  and  schemes 
of  destroy  are  listed  in  the  Table. 
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TABLE 


Defect  type 

Electron  Spin  Resonance 

parameters 

measurement 

conditions 

V-  =  V,h^ 

isotropic  g  =  2.01 17 

300  K,  X-band 

V‘’  =  V,2h^ 

=  2.0107,  g,.  =  2.0154 
g,,  =  2.0075,S  =  l 

D  =  -103.7mT,E  =  ~20mT 

10  K,  X-band 

VB  =  V,h"-B’* 

I —  ‘axial’ 

II —  ‘unaxial’ 

g,j  =  2.0026,  g^  =  2.0155 
gi,  =  2.0026,  g^  =  2.0164 

300  K,  X-band 

[Lir  =  LiV 

gli  =  2.0023,  g^  =  2.0153 
HFS:'Li(I  =  3/2;  92.6%) 

A||=  1.37,  A^  =9.5  MHz 

300  K,  X-band 

B'*  =  B  V 

g[j  =  2.0035,  g^  =  2.0044 
HFS:'’B(I  =  3/2;  80.4%) 

All  =  343,  A^  =  214.6  MHz 

300  K,  X-band 

b’*  =  bV 

octohedrical 
interstitial  site 

gii  =  2.0023,  g^  =  2.0028 
HFS:"B(I  =  3/2;  80.4%) 

A||  =  821,  A^  =  714.8  MHz 

77  K,  X-band 

1 

(U 

+ 

< 

II 

+ 

< 

gi,=:  2.003  g^  =  2.004 

HFS:''Al(I  =  5/2;  100%) 

A|i  =  583.1,  A^  =  495  MHz 

300  K,  X-band 

ZrC  =  Zn  V 

isotropic  g  =  2.0008 

HFS:"'Zn(I  =  5/2, 4.11%) 

Aj|  =  901  MHz 

77  K,  X-band 

r  =  Vae- 

isotropic  g  =  2.0030 
sHFS:4*’Be(I  =  3/2,  100%) 

A||=  11.2  MHz 

300  K,  X-band 

F  =  V32e- 

ground  state — S  ==  0 

p-  =  V3V,e- 

isotropic  g  =  2.0026 
sHFS:3*'Be(I  =  3/2,  100%) 

A||  =  25.2  MHz 

300  K,  X-band 

C  =  complex 
(V-type) 

I 

II 

III 

isotropic  g  =  2.0150 
not  found 

isotropic  g  =  2.0096 

300  K,  X-band 
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TABLE 


Optical  properties 

Temperature 
and  destroy 
mechanism 

Creation 

condition 

adsorption, 

eV 

lumines.(excite), 

eV 

4.0,2.! 

not  found 

620  K, 

V-^  V,  +  h^ 

growth, 

n-irradiation 

not  found 

not  found 

550  K, 

V"  — V  +  h* 

growth, 

n-irradiation 

3.85 

2.1 

not  found 

680  K, 

Vb  VB“  +  h^ 

growth.  X-ray 

3.65, 

2.1 

not  found 

450  K 

[Lif— Lr+h* 

growth,  X-ray 

not  found 

not  found 

540  K 

— B’*+e- 

growth,  X-ray 

not  found 

not  found 

>90  K, 

Bi'"--Bi'"  +  e- 

growth.  X-ray 

not  found 

not  found 

580  K, 

Al'"  Al'"  +  e- 

growth.  X-ray 

not  found 

not  found 

310  K, 

Zn"  — ►  Zn'"  +  e“ 

growth.  X-ray 

5.4 

3.9(5.4) 

>900  K 

n-irradiation 

6.6 

5.0,  3.4(6.0) 

>900  K 

n-irradiation 

not  found 

not  found 

>900  K, 
ionic  processes 

n-irradiation, 

700  K  annealing 

not  found 

4.05 

not  found 

1.97(3.5) 

2.12(4.2) 

2.03(3.8,4.7) 

>650  K 
>800  K 
>1100K 

n-irradiation, 

annealing 

400-650  K 

700-1 100  K 
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EFFECTS  OF  THE  MICROINDENTATION, 
X-IRRADIATION  AND  ANNEALING  ON  THE 
F-CENTRE-LIKE  DEFECTS  PRODUCTION  IN  MgO 


T.  A.  NAZAROVA  and  M.  V.  NAZAROV 


Technical  University  of  Moldova,  277012,  Kishinev,  Moldova 

Local  cathodoluminescence  analysis  have  been  applied  to  defects  recognition  in  indented  MgO  crystals.  Influence 
of  X“irradiation  and  annealing  on  the  kind  and  concentration  of  F-centre-like  defects  was  established. 

Key  words:  cathodoluminescence,  microindentation,  defects,  annealing,  irradiation,  MgO. 


1  INTRODUCTION 

Of  the  many  problems  which  still  remain  unanswered,  the  more  fundamental  aspect 
concerns  the  production  and  behavior  of  point  defects.  This  paper  presents  a  brief  account 
of  experiments  designed  to  clarify  the  effects  of  external  influences  on  the  defects 
production  of  MgO.  Cathodoluminescence  (CL)  modes  (total,  monochromatic  and  pointal) 
in  the  scanning  electron  microscope  (SEM)  in  conjunction  with  computer  graphic  were 
used  for  this  purpose. 


2  EXPERIMENTAL  DETAILS 

To  create  different  dislocation  structures,  Vickers  diamond  pyramid  indentations  were 
made  on  (100)  MgO  at  P  =  2  N.  The  irradiation  was  made  by  a  soft  X-rays  during  70  h. 
The  annealing  temperature  had  been  increased  from  20°C  to  907°C  during  6  h  and 
decreased  with  a  rate  AT/At  =  20°C/h.  Three  series  of  the  indented  regions: 
nonirradiated,  subsequently  X-irradiated  and  annealed  were  under  study.  CL  examinations 
were  performed  in  ‘JSM-50A’  commercial  SEM  at  T  =  80  K. 


3  EFFECTS  OF  THE  EXTERNAL  INFLUENCE  ON  THE  DEFECTS  PRODUCTION 
3.1  Study  of  The  Microindentation 

In  nondeformed  region  CL  spectra  contain  two  weak  broad  partial  bands  of  equal  intensity 
at  3  and  2.4  eV,  referred  to  as  F"*"-  and  F-luminescence.'  In  dislocation  zone  created  by  the 
microindentation  we  have  observed  five  peaks.  The  most  intensive  peaks  appear  to  be  in 
UV  zone  (A  =  350  nm  and  A  =  375  nm)  and  are  not  perceived  by  the  eye.  We  have 
visualized  their  total  CL  intensity  distribution  using  CL  mapping.  The  peak  at  350  nm  has 
been  interpreted  with  a  surface  origin  of  F-centre  (Fs)2.  Partial  bands  at  375  and  475  nm 
have  been  attributed  to  F2-  and  Fj -centres.^  Their  composite  distribution,  visualized  by 
CL  mapping,  is  shown  in  Figure  la.  Our  experiments  revealed,  that  a  very  high  density  of 
dislocation  loops  gliding  under  microindentation  induce  an  enhancement  of  the  F2-  and  F,- 
centres  concentrations  relative  to  that  of  the  Fj. 
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FIGURE  1  Total  CL  intensity  maps:  a)  nonirradiated  MgO;  b)  X-irradiated;  (c)  annealed.  U  -  40  kV.  Horizontal 
field  width  =  100  fim. 


3.2  Study  of  the  X-Iirradiation  Effect 

Total  CL  map  from  the  indented  and  subsequently  X-irradiated  MgO  (Figure  lb)  shows 
that  irradiation  leads  to  insignificant  spreading  of  zones,  rich  of  defects  and  to  increasing  of 
CL  intensity  from  the  whole  zone  of  plastic  deformation.  Analogous  maps,  obtained  at  the 
monochromatic  (375  and  475  nm)  CL  show  that,  subsequent  X-irradiation  leads  mainly  to 
enhancement  of  the  F2-centre  concentration. 

3.3  Study  of  the  Annealing  Effect 

The  map  of  total  CL  from  the  indented  and  annealed  MgO  (Figure  Ic)  cardinally  differs 
from  the  other  ones.  Local  spectmm  in  Figure  2  shows,  that  after  the  annealing  a  peak 
position  of  UV  emission  is  completely  shifted  to  350  nm.  We  have  revealed,  that 
subsequent  annealing  stimulates  the  enhancement  of  partial  densities  of  the  F2-  and 
especially  of  the  Fs-centres  and  annihilation  of  some  part  of  the  F+2-centres,  created  by  the 
microindentation. 


4  CONCLUSIONS 

The  composite  density  of  all  kinds  of  F-center-like  defects  in  MgO  reaches  maximum  in 
the  dislocation  zone  around  the  indentation  crater.  Subsequent  annealing  induces  an 
annihilation  of  the  defects  in  this  zone.  However,  in  zone  of  the  indentation  crater  the 
partial  density  of  F^-  and,  especially,  of  F2-center  are  prevailed  over  the  Fj  one. 
The  partial  density  of  F2-center  increases  due  to  the  X-irradiation  and  decreases  due  to  the 
annealing;  however,  only  the  partial  density  Fs  becomes  dominant  after  annealing. 
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FIGURE  2  CL  intensity  profiles  for  nonirradiated  (a),  X-irradiated  (b)  and  annealed  (c)  samples  along  <110> 
crystallographic  direction  and  local  CL  spectra  in  the  centres  of  indentation  for  these  samples. 
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OPTICALLY  STIMULATED  LUMINESCENCE  IN 
ANION-DEFECTIVE  CARBON  DOPED  a-A^Oa 
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"^School  of  Physics  and  Astronomy,  Tel- Aviv  University,  69978,  Israel;  **Physics 
Department,  Ben  Gurion  University,  Beer  Sheva,  84105,  Israel 

Optically  stimulated  luminescence  (OSL)  was  studied  in  C-doped  a-Al203  crystals,  which  had  previously  been 
exposed  to  X  or  irradiations.  The  OSL  was  excited  by  monochromatic  IJV  light  in  200-300  nm  region. 
Emission  maxima  appeared  at  330  nm  and  410  nm  which  are  attributed  to  F'*'  and  F-luminescence  respectively. 
This  is  supported  by  measurements  of  excitation  spectra,  which  showed  maxima  at  260  and  215  nm.  Results  were 
compared  to  those  obtained  by  measurements  of  the  X-luminescence  and  phototransfeired  thermoluminescence  in 
the  same  samples  as  well  as  in  pure  a-Al203  crystals.  Effects  of  previous  irradiations  and  of  thermal  treatment  on 
the  OSL  intensities  were  also  investigated. 

Key  words:  luminescence,  defects,  aluminum  oxide. 

Optically  stimulated  luminescence  (OSL)  and  its  applications  to  dosimetry  and  dating  have 
recently  been  studied  in  quartz  and  various  other  insulating  materials.  In  this  method  the 
samples  are  exposed  to  ionizing  radiation  and  subsequently  illuminated  by  light  of 
wavelengths,  which  can  not  directly  excite  luminescence  in  an  unirradiated  crystal.  These 
wavelengths  can,  however,  cause  the  stimulation  and  transfer  of  carriers,  trapped  by 
previous  exposure  to  ionizing  radiation  at  the  site  of  existing  defects  or  impurities. 

In  the  present  work  the  excitation  and  emission  of  the  OSL  and  its  dependence  on  the 
irradiation  history  and  on  thermal  pretreatment  were  studied  in  q;-A1203:C  crystals. 

The  C-doped  a-Al203  crystals  were  grown  by  M.  Akselrod  and  V.  Kortov  at  the  Urals 
Polytechnical  Institute.^  Nominally  pure  a-Al203  crystals  were  grown  by  Insaco  Inc. 

The  OSL  was  excited  by  monochromatic  near  UV  light  in  a-Al203:C  crystals  which 
had  previously  been  exposed  to  X  or  /3-radiations.  The  OSL  emission  spectra  showed  two 
maxima  at  ~  330  and  410  nm  (Figure  1,  curves  a  and  b).  The  410  nm  maximum  also 
appeared  in  the  luminescence,  emitted  during  X-irradiation  (XL)  of  the  same  samples 
(Figure  1,  curve  c).  After  X-irradiation  phosphorescence  was  observed  at  330  and  410  nm 
(Figure  1,  curve  d);  its  decay  time  was  of  the  order  of  100  sec.  For  comparison  also 
emission  spectra  of  the  thermoluminescence  (TL)  and  phototransfeired  TL  (PTTL)  of  the 
C-doped  samples  as  well  as  the  TL  and  XL  of  the  above-mentioned  nominally  pure 
a-Al203  crystals  were  measured.  The  TL  and  PTTL  of  q:-A1203  crystals  showed  the  same 
410  nm  emission  band.  In  the  nominally  pure  samples  the  330  nm  and  a  strong  narrow  700 
nm  band  appeared.^  Emission  band  at  330  and  410  nm  have  previously  been  ascribed  to 
F"^  and  F  center  luminescence  of  pure  q;-A1203  crystals.^  The  700  nm  emission  band  is 
apparently  due  to  casual  Cr^"^  impurities. 

Previous  investigations  have  shown  that  luminescence  as  well  as  TL  can  be  excited  in 
fresh  untreated  a-Al203crystals  only  by  wavelengths  shorter  than  145  nm."^  UV  light  of 
longer  wavelengths  can  cause  in  samples,  which  have  previously  been  exposed  to  ionizing 
radiation,  the  stimulation  or  transfer  of  trapped  carriers.  The  OSL  emission  at  330  and 
410  nm  recorded  in  the  present  work  is  attributed  to  the  following  process.  During 
exposure  to  ionizing  radiation  electrons  may  be  trapped  at  oxygen  vacancies  and  F  as  well 
as  F"^  centers  are  formed;  by  subsequent  illumination  with  near  UV  light  the  trapped 
electrons  can  be  stimulated  to  an  excited  level  of  these  centers  and  the  characteristic  F  and 
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FIGURE  1  Emission  spectra  in  Q-AI2O3  :C  at  RT  of:  (a)  the  OSL  excited  by  260  nm;  (b)  the  OSL  excited  by 
215  nm;  (c)  the  XL;  (d)  the  phosphorescence. 


F"*"  luminescence  is  emitted  during  radiative  decay.  This  is  supported  by  the  present 
measurements  of  the  OSL  excitation  spectra.  The  410  nm  emission  band  showed  an 
excitation  maximum  at  215  nm,  which  is  located  on  the  long- wavelength  tail  of  the  F- 
absorption  band,  while  the  330  nm  OSL  emission  band  had  an  excitation  maximum  at 
260  nm,  which  coincides  with  the  peak  of  the  F"^  absorption  (Figure  2).  It  has  recently 
been  reported,  that  the  PTTL  of  these  crystals  also  has  excitation  maxima  at  ~  220  nm  and 
at  260  nm.^  The  finding,  that  the  same  emission  bands  and  the  same  excitation  maxima 
appear  in  the  OSL  and  PTTL  indicates  that  analogous  processes  are  involved  in  both  cases. 

Heating  of  the  irradiated  samples  to  300°C  caused  a  decrease  in  the  410  nm  emission 
intensity.  Heating  to  ~  500° C  caused  a  further  decrease  in  the  intensity  of  the  F-emission, 
and  a  notable  increase  in  F”^ -emission  of  330  nm,  indicating  a  F  to  F"^  conversion;  the 
electron  released  from  the  F  center  is  probably  captured  by  an  impurity  atom.  Heating  to 

950°C  and  slow  recooling  to  RT  caused  a  slight  increase  in  both  emission  bands,  while 
fast  recooling  to  RT  caused  mainly  an  increase  in  the  F*^ -emission.  The  increase  in  the  F 
and  F”'"  luminescence  after  the  heating  to  950°  C  may  be  due  to  a  thermal  ionization  of  the 
impurity  and  transfer  of  electrons  to  existing  anion  vacancies. 

The  finding  that  the  OSL  as  well  as  the  PTTL  and  XL  of  the  C-doped  a-Al203  crystals 
is  dominated  by  the  F  and  F*^  center  emission  while  in  the  nominally  pure  a-Al203 
crystals  the  Cr^'^  emission  band  near  700  nm  is  dominant,  fits  the  statement  of  Akselrod 
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FIGURE  2  Excitation  spectra  of;  (a)  the  410  nm  OSL  band;  (b)  the  330  nm  OSL  band  in  a-Al203:C. 


et  al?  regarding  the  high  concentration  of  oxygen  vacancies  in  the  C-doped  crystal  and 
their  decisive  role  in  the  luminescence  properties  of  this  material. 
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THERMALLY  STIMULATED  DEPOLARIZATION 
CURRENTS  IN  NATURAL  BERYL 


CARLOS  VIANNA  and  ANA  REGINA  BLAK* 

Instituto  de  Fisica,  Departamento  de  Fisica  Nuclear,  Universidade  de  Sdo  Paulo,  Caixa 
Postal  66318,  CEP  05389-970,  Sdo  Paulo,  SP,  Brasil 

Thermally  Stimulated  Depolarization  Current  (TSDC)  spectra  of  untreated  pink,  green  and  blue  beryl  samples 
show  a  single  peak  centered  at  200  K,  unaffected  by  heat  and  linearly  dependent  on  the  polarization  field,  a  typical 
behaviour  of  defects  with  a  dipolar  origin.  When  the  samples  are  thermally  treated  above  1000  K  in  air  two  new 
peaks  appear  at  170  K  and  220  K.  Above  1200  K  water  is  removed  from  the  channels  of  the  beryl,  the  Fe^'*'  is 
reduced  into  Fe^"^  and  the  formation  of  iron  dipoles  is  then  enhanced,  giving  rise  to  the  observable  bands.  An 
increase  in  the  peak  height  of  the  1 70  K  and  the  220  K  bands  is  observed  when  the  samples  are  ultraviolet  (UV) 
illuminated  after  the  heat  treatments.  UV  illumination  of  the  samples  leads  to  the  photodissociation  of  hydroxyls 
followed  by  the  displacement  of  the  hydrogen  to  isolated  sites,  thereby  contributing  to  the  formation  of  iron 
dipoles. 

Key  words-,  morganite,  aquamarine,  dipoles,  thermally  stimulated  depolarization  currents. 


1  INTRODUCTION 

This  report  describes  Thermally  Stimulated  Depolarization  Currents  (TSDC)  in  pink 
(morganite),  blue  and  green  (aquamarine)  beryl  samples  from  150  K  up  to  250  K  before 
and  after  heat  treatments  (HT)  and  ultraviolet  (UV)  illumination.  Natural  beryl  occurs  in 
transparent,  good-quality  crystals  of  high  perfection.  Their  growth-defect  configuration  is 
of  great  interest  with  respect  to  their  crystal  growth  and  mineralogy. 

Beryl  is  a  ring  cyclosilicate  having  the  chemical  formula  of  Be3Al2Si60i8.  The 
silicate  rings  lie  one  above  the  other  along  the  C6  axis  in  such  a  way  as  to  form  long 
channels  of  quite  large  dimensions  that  can  shelter  a  large  variety  of  impurities  such  as 
alkalis,  transition  metals,  OH“  ions  and  molecules  of  CO2,  CH4  and  H20,^  The  water 
molecules  can  assume  two  orientations  in  the  channel.  Type  I  water  has  its  H-H  vector 
parallel  to  c  and  type  II  has  its  H-H  vector  perpendicular  to  c  and  always  lies  near  an  alkali 
cation.  Individual  water  molecules  can  hop  between  the  two  orientations.*'^ 

Optical  Absorption  (OA),  Mossbauer  spectra  and  Electron  Paramagnetic  Resonance 
(EPR)  spectra  have  been  studied  in  detail  by  several  workers  referred  to  in  a  previous 
paper. ^  The  Thermoluminescence  (TL)  emission  of  different  samples  of  beryl  has  been 
studied  by  Singha  and  Gartia"*  and  Blak  and  McKeever.^ 

The  TSDC  technique  allows  the  study  of  the  behaviour  of  defects  of  dipolar  origin  and 
also  the  nature  of  aggregation  of  dipoles.  Natural  crystals  present  a  great  variety  of 
impurities  exhibiting  TSDC  bands.  Many  Brazilian  beryl  crystals  were  examined  in  order 
to  investigate  dipole  defects.  A  study  of  the  role  played  by  hydrogen  in  the  TSDC  of  pink 
and  colourless  beryl  samples  has  already  been  published.^  This  work  complements  the 
results  obtained  for  green  and  blue  types  and  explains  the  general  behaviour  of  dipole 
defects  in  beryl. 


*The  participation  in  the  conference  was  supported  by  Funda^ao  de  Amparo  a  Pesquisa  do  Estado  de  Sao  Paulo 
(FAPESP). 
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FIGURE  2  TSDC  spectra  of  pink  ( - ),  green  (...)  and  blue  ( - )  beryl  samples  after  HT  of  1000  K  for 

60  minutes. 


from  77  K  to  230  K  by  an  up  to  30  kV/cm  electric  field.  The  depolarization  currents  were 
detected  by  a  Keithley  617  electrometer  connected  to  an  AT  microcomputer.  In  Table  I,  a 
quantitative  analysis  of  some  of  the  impurities  (transition  metals)  in  beryl  obtained  by 
neutron  activation  analysis  and  X-ray  fluorescence  analysis  is  presented. 


Table  I 

Transition  metals  in  beryl  (in  ppm) 


Sample 

Fe 

Mn 

Cr 

V 

Na 

Cs 

Goshenite 

263±8 

60±9 

79±9 

112±9 

5717±21 

64(K)±700 

Pink 

408±8 

201  ±9 

132±9 

42±13 

7488±27 

11500±1500 

Pale  Blue 

4100±200 

28±9 

80±9 

85±9 

216±2 

Pale  Green 

6600±300 

27±9 

82±9 

35±9 

5665±20 

3  RESULTS  AND  DISCUSSION 

The  TSDC  spectra  of  untreated  samples  of  pink,  blue  and  green  beryl  show  a  prominent 
single  peak  centered  at  200  K  which  is  not  affected  by  heat,  linearly  dependent  on  the 
polarizing  field  and  related  to  Mn^"^  ions  occupying  the  aluminium  sites  near  alkali  ions  in 
the  channels.^  In  Figure  1,  the  spectra  of  samples  without  any  treatment  are  shown.  The 
200  K  band  in  the  morganite  (pink)  samples  is  very  high  in  comparison  to  the  aquamarines 
(blue  and  green).  This  band  becomes  imperceptible  behind  other  peaks  when  the  crystals 
are  thermally  treated  above  1000  K  in  air.  For  a  heat  treatment  of  1000  K  for  60  minutes 
the  spectra  are  shown  in  Figure  2.  Two  bands  become  prominent  at  170  K  and  220  K, 
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FIGURE  3  IR  spectra  of  pink  ( - ),  green  (...)  and  blue  ( - )  beryl  samples. 


masking  the  previous  200  K  band.  The  intensity  of  the  peak  at  220  K  becomes  very  high 
for  the  morganite.  The  peak  is  linearly  dependent  on  the  polarization  field,  behaviour  of 
defects  with  dipolar  origin.  Blue  and  green  samples  could  not  support  the  heat  above 
1200  K  in  air.  For  thermal  treatments  above  1000  K,  a  difference  was  observed  between 
the  blue  and  the  green  samples.  For  the  blue  samples  the  220  K  band  became  prominent 
and  the  170  K  almost  disappeared.  For  the  green  samples  the  170  K  band  increases.  In  blue 
aquamarines,  Fe^*^  replaces  at  octahedral  sites. ^  In  green  aquamarines,  most  of  the 
Fe^’^  is  in  the  channels.^  Thermal  treatment  reduces  Fe^"^  to  Fe^"^  in  both  cases  and  thereby 
contributes  to  the  formation  of  iron  dipoles.  These  results  indicate  therefore  that  the  170  K 
peak  is  related  to  the  dipole  formed  with  iron  in  the  channel  and  that  the  220  K  peak  is 
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related  to  the  iron  at  an  aluminium  site.  In  both  cases  the  presence  of  alkali  ions  is  related 
to  the  formation  of  dipoles.  For  thermal  treatment  of  morganite  up  to  1300  K  a  change  of 
relative  height  of  the  two  Fe^"^  bands  is  observed,  confirming  the  competition  between  the 
two  different  sites  of  the  iron.  Above  1200  K,  water  is  removed  from  the  channels  leaving 
the  alkali  ions  free  to  move,  and  thus  favouring  the  increase  of  the  TSDC  bands.  In  Figure 
3  the  Infrared  (IR)  spectra  reveal  that  the  amount  of  water  varies  from  sample  to  sample. 
The  blue  aquamarine  is  poor  in  water  molecules  and  the  morganite  has  a  very  high  amount 
of  water  molecules,  mainly  of  type  11.  From  Table  I  it  is  seen  that  the  morganite  samples 
present  more  alkali  ions  than  the  other  types  of  beryl.  The  alkali  ions  are  in  fact  responsible 
for  the  formation  of  the  dipoles  in  the  pink  beryl  in  spite  of  the  lesser  iron  content. 

UV  illumination  of  the  samples  produces  the  photodissociation  of  OH“  ions,  leaving 
hydrogens  free  to  contribute  to  the  formation  of  iron  dipoles. 
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CRYSTAL  STRUCTURE  PERFECTION  AND  DOMAIN 
STRUCTURE  REVEALING  IN  EPITAXIAL 
FERROELECTRIC  THIN  FILMS 


V.  A.  ALYOSHIN,  E.  V.  SVIRIDOV,  L  N,  ZAKHARCHENKO 
and  V.  P.  DUDKEVICH 


Institute  of  Physics,  Rostov-on-Don,  Russia 

The  deposition  of  epitaxial  ferroelectric  films  with  optically-perfect  surface  and  interface  is  shown  to  be  possible. 
(Ba,  Sr)TiO3/(001)MgO  epitaxial  films  are  c-domain  and  slightly  self-polarized.  The  contrast  of  domain  boundary 
revealing  in  the  films  becomes  worse  as  the  crystal  structure  perfection  decreased.  The  role  of  film  microvolumes 
with  zero  spontaneous  deformation  arising  upon  influence  of  microstrains  is  discussed. 

Key  words:  ferroelectrics,  thin  film,  domain  structure. 


1  INTRODUCTION  AND  PROCEDURE 

Ferroelectric  film  surface  and  interface  qualities  and  domain  structure  peculiarities  are  of 
importance  for  film  applications.^  Evolution  of  the  film  surface  and  cross>section  relief 
was  studied  by  the  electron  microscopy  replica  method.  The  fact  of  epitaxy  and  the  type  of 
domain  texture  were  established  by  XRD  analysis.  Film  crystal  structure  perfection  was 
estimated  by  the  value  of  microstrains  Ac/c  obtained  from  XRD  data. 


2  RESULTS  AND  DISCUSSION 

Epitaxial  growth  of  (Ba,  Sr)TiO3/(001)MgO  rf-sputtered  films  could  be  realized  by  means 
of  3 -dimensional  nucleation  and  layer-by-layer  growth  at  the  expense  of  variation  of 
oxygen  pressure  P  and  substrate  temperature  T.^  Corresponding  surface  relief  and  interface 
quality  variations  are  displayed  on  Figure  1.  The  deposition  of  mirror-smooth  films  with 
pore-free  interface  was  shown  to  be  possible  (Figure  1.2). 

We  succeded  in  growth  of  mirror-smooth  epitaxial  films  with  different  crystal  structure 
perfection.  According  to  the  XRD  data  the  films  with  microstrain  values  Ac/c  less  than 
tetragonality  of  the  bulk  material  c/a-1  ==  0.010  had  c-axis  of  crystal  lattice  normal  to  the 
film  surface  due  to  the  thermoelastic  compressive  stresses.  The  distortion  of  film  crystal 
lattice  with  Ac/c  comparable  with  the  c/a-1  value  and,  thus,  the  type  of  domain  texture 
could  not  be  established  by  XRD  methods. 

As  the  positive  sides  of  c-domains  are  etched  faster  than  negative  ones  forming  more 
rough  surfaces,^  the  character  of  film  chemical  etching  made  it  possible  to  reveal  the  film 
domain  structure  peculiarities.  The  most  perfect  films  after  etching  displayed  180° 
c-domain  structure  and  possessed  partial  self-polarization;  positive  sides  of  the  domains 
occupied  the  smaller  area  on  the  film  surface  (Figure  2.1).  As  film  perfection  decreased  the 
visible  sizes  and  concentration  of  positive  domains  decreased  (self-polarization  increased) 
and  the  contrast  of  domain  boundaries  etching  became  worse  (Figure  2.2).  The  further 
decrease  of  the  structural  perfection  resulted  in  the  ceasing  of  the  domain  boundary 
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FIGURE  I  Surface  and  cross-section  relief  of  the  BST  epitaxial  films  grown  by  3-dimensional  (1,  4)  and  layer- 
by-layer  (2,  3)  growth.  The  working  gas  pressure  P  and  substrate  temperature  T  are:  P  =  60  Pa,  T  =  650° C  (1); 
80  Pa,  825°C  (2);  80  Pa,  875°C  (3);  and  100  Pa,  925°C  (4).  At  the  P-T-high-value  deposition  conditions  the  pores 
in  the  film-substrate  interface  are  formed  (3,  4).  Bar — 1  um. 


revealing  on  the  film  surface:  films  with  Ac/c  =  0.006  seemed  to  be  completely  self- 
polarized  with  the  spontaneous  polarization  vector  directed  to  the  substrate  (‘minus-single¬ 
domain’,  Figure  2.3)  whereas  the  most  defect  films  after  chemical  etching  looked  like  plus- 
single-domain  (Figure  2.4). 

The  study  of  film  cross-sections  after  chemical  etching  allowed  to  establish  that:  i)  near 
the  film  cleavage  surface  the  rearrangement  of  the  domain  structure  (c-to-a  domain 
switching)  due  to  tensile  stresses  arising  upon  cleaving  occured  (Figure  3.1,  3.2).  ii)  the 
domains  in  the  films  which  looked  like  minus-single-domain  did  exist  (Figure  3.2).  and  iii) 
no  domain  structure  could  be  revealed  even  on  the  cleavage  surface  of  the  most  defect 
films  (Figure  3.3). 

The  results  obtained  from  the  film  cross-section  observations  allowed  to  assume  the 
specific  surface  layer  existence.  After  removal  of  this  layer  by  polishing  etching  the  1 80° 
c-domains  on  the  surface  of  the  ‘minus-single-domain’  films  appeared.  The  removal  of  the 
surface  layer  led  to  the  decrease  in  the  degree  of  self-polarization  in  the  more  perfect  films 
as  well.  The  most  defect  films  did  not  demonstrate  domains  neither  before  nor  after 
removal  of  the  surface  layer.  However,  according  to  the  dielectric  measurements  these 
films  possessed  ferroelectric  properties. 

As  microstrains  are  the  mean  value  of  local  variations  of  lattice  interplanar  distances 
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FIGURE  2  Surface  relief  of  the  BST  epitaxial  films  after  chemical  etching.  Microstrain  values  are: 
A  c/c  0.001  (1),  0.003  (2),  0.006  (3),  and  0.010  (4).  Bar— 1  um. 


they  are  equivalent  to  the  local  variations  in  unit-cell  spontaneous  deformation  c/a-1. 
Therefore  the  most  defect  films  may  contain  the  areas  with  resulting  zero  unit-cell 
deformation  and,  thus,  zero  polarization.  We  suppose  that  just  these  areas  play  the  role  of 
the  180°  domain  boundaries  that  means  the  ‘spreading’  of  the  domain  boundaries  and 
make  impossible  to  reveal  them  by  etching.  The  observed  data  on  the  decreasing  the 
degree  of  film  self-polarization  after  removal  of  the  surface  layer  seemed  to  indicate  the 
presence  of  the  space  charge  in  this  layer,  probably  due  to  its  nonstoichiometry. 
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FIGURE  3  Surface  and  cross-section  relief  of  the  BST  epitaxial  films  prior  to  (4)  and  after  (1-3)  chemical 
etching.  Microstrain  values  are:  A  c/c  =  0.001  (1),  0.005  (2),  and  0.010  (3,  4).  Bar — 1  urn. 
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THE  EFFECT  OF  LOCAL  ORDERING  IN  A  SYSTEM  OF 
DEFECTS  IN  WEAKLY  DOPED  KTaOa: 
DIELECTRIC  ANOMALIES  AND  THEIR  ORIGIN 
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The  temperature-frequency  behaviour  of  the  permittivity  e'{T,  f)  and  tg<^(T,  f)  (20-300  K,  120  Hz-9  MHz),  EPR, 
optical  absorption  and  luminescence  of  KTaOs  single  crystals,  pure  and  with  Li  0.1;  Cr  0.02;  Cu  3;  Fe  1;  Li  0.1  + 
Cr  0.1,  and  Li  0.1  -i-  Cr  0.1  +  Cu  0.02  wt.%,  were  studied.  Below  70  K,  in  all  the  doped  samples,  dielectric 
dispersion  occurs,  with  tg<5(T)  maxima  obeying  Arrhenius  law.  This  is  associated  with  a  local  ordering  in  dipole- 
dipole  clusters  (which  contain  reorienting  defects  of  various  kind)  with  correlations  due  to  interactions  via  the 
TO-soft  mode. 

Key  words:  doped  incipient  ferroelectrics,  dipolar  collective  effects. 


1  INTRODUCTION 

In  ABO3  incipient  ferroelectrics,  an  indirect  dipole-lattice-dipole  interaction  via  the  soft 
TO-mode  (DTOII)  leads  to  collective  ordering  effects  in  a  system  of  randomly  substituted 
relaxing  polar  defects,  to  unusual  precursor  effects,  and  to  phase  transformations.^"'^  Even 
undoped  KTaOa  reveals  temperature-size  dependent  microregions  with  broken  symmetry 
of  unclear  origin.  In  this  work,  the  dielectric  spectra,  supplemented  by  optical  absorption, 
photoluminescence  (0.2-0.8  pm)  and  EPR  (9.2  GHz)  spectra,  for  both  nominally  pure  and 
weakly  doped  KTaOs  were  studied. 

Pure  KTa03  reveals  no  unusual  behaviour  of  e'(T,  cJ)  and  tg<5(T,a;),  nor  does  it  reveal 
any  EPR  and  optical  defects  spectra.  But  all  the  weakly  doped  samples  show  a  low- 
temperature  dispersion  of  Arrhenius  type,  with  the  positions  of  tg^  maxima  on  the 
temperature  axis  nearly  independent  of  the  type  of  impurity  introduced  (see  Figures  1-2). 
For  all  the  samples,  the  activation  energy  A  and  the  attempt  frequency  ujq  ranged  within 
960-1065  K  and  2.1  x  10^^-1.4  x  lO^'^s"^  respectively,  (Figure  3)  which  is  typical  for 
Li”^  off-centers  in  KTa03.  We  associate  this  strikingly  similar  relaxation  with  a  local 
ordering  of  defects  of  various  types  in  dipole-dipole  clusters,  where  correlations  originate 
as  a  consequence  of  the  DTOII.  We  attribute  this  to:  (0  the  presence  of  several  types  of 
reorienting  dipolar  defects  in  all  the  doped  crystals;  (if)  a  low  local  symmetry  of  these 
defects  in  the  lattice  (this  enhances  the  local  field  considerably,  and  increases  the  DTOII) 
and  to  low  frequencies  of  the  TO-mode  at  low  temperatures  (this  increases  the  DTOII  too); 
(iii)  and,  (this  point  is  principal)  to  high  activation  energies  of  reorientational  jumping  of 
actual  defects,  and  a  considerable  mutual  difference  in  the  magnitude  of  their 
preexponential  factors.  Thus,  the  relaxation  rates  of  various  dipolar  defect  pairs  (or 
clusters)  are  close  to  each  other  in  magnitude  and  the  critical  slowing  down  of  resulting 
cooperative  relaxation  rate  in  various  clusters  appears  in  the  same  (sufficiently  narrow) 
temperature  range: 
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1/T  [1/K] 


FIGLFRE  3  KTa03:Cr  0.01  wt.%.  Arrhenius  behaviour  of  the  losses  maxima  (crosses)  for  f  =  1592Hz— 9  MHz. 
Solid  line:  least-squares  fit  of  fo  =  6.25  x  10^^  Hz  and  =  986  K. 


Ai  +  A2 

-ln(JVOrO)’ 


where  J  is  the  amplitude  of  DTOII  and  1  /r®  is  the  hopping  pre-exponential  factor  for 
paired  defects.  Our  data  can  be  interpreted  as  follows:  Li*^  present  in  a  low  concentration, 
is  the  leading  participant  of  the  pairing  process  in  all  the  doped  crystals,  and  other  centers 
(having  comparably  low  values  of  rf  and  Ai)  form  pairs  with  it.  Due  to  a  rapid 
(exponential)  rise  of  l/r(T)  for  the  ‘leading’  dipole  with  large  r®  and  A,  the  temperature 
behaviour  of  dielectric  dispersion  in  various  crystals  shows  a  high  degree  of  conformance. 
Our  EPR  and  optical  data  detected  the  following  centers  with  reorienting  electric  dipole 
and  quadrupole  moments  or  a  reorienting  elastic  moment,  which  can  participate  in  pair 
interaction:  Fe^"^,  Fe^"^— 0“  exchanging  pairs,  axial  bipolaron  0“— Fe^“^— 0“ 
(KTa03:Fe);  axial  Cu2+-Vo  (KTa03:Cu  and  KTa03:Li  +  Cr+  Cu);  Ta^+-Vo 
(KTa03:Cu,  KTa03:Li  +  Cr+  Cu  and  KTa03:Cr). 


ACKNOWT.EDGEMENTS 

This  work  was  supported  in  part  by  Russian  Acad.  Fundamental  Res.  Grant  N94-02-06292-a.  The  dielectric 
measurements  were  supported  by  grant  No.  202/95/1393  of  the  Grant  Agency  of  the  Czech  Republic. 


328 


V.  TREPAKOV  ETAL. 


REFERENCES 

1.  V.  S.  Vikhnin  and  Y.  B  Borkovskaya,  FTTl^,  3603  (1978). 

2.  B.  V.  Vugmeister  and  M.  D.  Glinchuk,  ZhETFS9,  947  (1980). 

3.  U.  T.  Hochli  et  al,  Adv.  in  Phys.  39,  405  (1990). 

4.  W.  Kleemann,  Int.  J.  of  Mod.  Phys.  B  7,  2469  (1993). 


Radiation  Effects  and  Defects  in  Solids,  1995,  Vol.  134,  pp.  329-332 
Reprints  available  directly  from  the  publisher 
Photocopying  permitted  by  license  only 


©  1995  OPA  (Overseas  Publishers  Association) 
Amsterdam  B.V.  Published  under  license  by 
Gordon  and  Breach  Science  Publishers  SA 
Printed  in  Malaysia 


A  CATION  VACANCY  CENTER  IN 
CRYSTALLINE  AI2O3 

BRUCE  D.  EVANS'  and  LAURENCE  S.  CAIN" 

‘United  Solar  Technologies,  Inc.,  10914  S.  E.  26th  Street,  Bellevue,  WA  98004; 
^Department  of  Physics,  Davidson  College,  Davidson,  NC  28036 

(Received  July  1,  1994) 

Two  experiments  delineate  the  nature  of  the  broad,  weak,  3-eV  absorption  band  in  AI2O3:  (1)  anion  self¬ 
implants  clearly  establish  its  association  with  aluminum  vacancies,  and  (2)  optical  properties  of  this  V-type 
center  are  exemplified  after  hole  transfer  from  Ti"^  impurities.  These  properties  confirm  a  previous  theoretical 
description. 

Key  words:  Defects,  Ti'^,  holes,  alumina,  ion-implantation,  photobleaching. 


Optical  and  transport  properties  of  many  insulators  are  strongly  influenced  by  the  presence 
of  lattice  defects,  including  impurities  and  vacancies.  The  concentration  of  vacancies  and 
interstitials  is  dependent  upon  sample  thermo-chemical  history;  the  concentrations  of  these 
two  are  intimately  interrelated  by  the  necessity  to  maintain  macroscopic  charge  neutrality. 
The  introduction  of  host  ions  by  self-ion-implantation  alters  the  stoichiometry,  as  well  as 
introduces  large  numbers  of  Frenkel- type  defects  on  both  sublattices  due  to  elastic  collisions 
by  the  incident  ion.  Material  properties  within  the  spatial  range  (0.1-3  mfi)  of  energetic 
ions  (30  keV-3  MeV)  can  be  significantly  altered. 

For  example,  ion  implantation  of  aluminum  upsets  local  stoichiometry  in  favor  of  anion 
vacancies,  which,  when  decorated  with  electrons,  result  in  F-type  centers  as  evidenced  by 
well-known  ultra-violet  optical  absorptions  and  a  blue  photoluminescence.  ^  In  a 
complementary  manner,  the  first  experiment,  self-implantation  by  200-keV  oxygen  ions 
suppresses  the  formation  of  anion  vacancies,  as  shown  in  Figure  1.  However,  closer 
examination  revealed  a  broad,  weak  absorption  band  centered  near  3  eV,  shown  in  the 
insert.  This  band  was  obtained  by  subtracting  a  background  component  (dashed  line),  which 
is  a  Tauc-like  absorption  associated  with  lattice  disorder  of  the  form  ^  A"\  The  3-eV 
band  has  been  associated  with  a  hole  trapped  on  an  oxygen  ion  adjacent  to  an  aluminum 
vacancy,  a  V-type  center.^  Bartram  et  ai  have  presented  a  theory  of  these  trapped  hole 
centers.^  The  V-band  is  broader  in  the  present  example  than  that  from  ionizing  radiation 
exposures  alone,  due  to  perturbations  from  the  high  local  damage  level,  >1  dpa, 
accompanying  implantation.  This  result  clearly  associates  the  3-e  V  band  with  vacancies. 

In  experiment  two,  with  a  much  lower  vacancy  concentration,  V-type  center  details  are 
revealed  evaluating  the  relation  between  an  aliovalent  impurity  and  charge  compensating 
Ar^  vacancies.  Ti'^'^  impurities  are  often  present  in  AI2O3,  as  evidenced  by  a  nearly- 
ubiquitous,  anisotropic  absorption  band  at  5.4  eV."^  This  charge  transfer  transition  leaves  a 
hole  on  an  oxygen  2p  orbital,  O",  and  an  electron  on  a  nearby  titanium,  Tr^.  As-received 
Czochralski-grown,  undoped  sapphire,  with  a  post-growth  heat  treatment  in  a  mildly 
oxidizing  atmosphere,  after  exposure  to  uv-irradiation  (-230  nm),  revealed  an  absorption 
band  near  3  eV,  shown  in  Figure  2.  Concomitantly,  the  absorption  shoulder  at  5.4  eV 
significantly  decreased,  indicating  a  reduction  in  the  Ti"^"^  population.  Therefore,  under  uv 
irradiation,  holes  were  transfered  from  Ti"^"^  to  existing  cation  vacancies,  which  were 
originally  formed  during  the  oxidizing  anneal  to  charge  compensate  for  trace  Ti"^. 
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10^®  cm'^  200-keV  ions  into  AlgOg 


FIGURE  1  Absorption  induced  in  AI2O3  by  self-implant  of  200-keV  ions  to  1  x  10'^  cm'l  The  dashed  curve 
represents  background  absorption.  The  insert  shows  oxygen-implant  absorption  on  an  expanded  scale.  Here  the 
dashed  curve  represents  the  V-type  band  after  background  (dot-dash)  subtraction. 


PHOTOBLEACHING  WITH  5.4  eV 


FIGURE  2  (a)  Polarized  absorption  at  300  K  of  as-received,  undoped,  single  crystal  a- AI2O3, 0.89  mm  thick, 
(b)  The  same  sample  after  a  20-minute  exposure  to  230-nm  radiation  at  300  K.  E||c  solid  curve;  EXc,  dashed 
curve.  Note,  the  absorption  at  1.24  eV  has  been  set  to  zero  for  convenience. 


331 


A  CATION  VACANCY  CENTER  IN  AI2O3 

Figure  2  is  analyzed  for  V-type  center  concentration  and  oscillator  strength.  With  or  = 
28  X  10“^^  cm^'^  and  a  -  0.78  cm“^  from  Figure  2(a),  N  =  al(T=2.%  x  10^^  cm“^  =  0,4  appm 
per  host  cation.  Assuming  one  empty  aluminum  vacancy  charge  compensates  for  three 
Ti"^,  and  assuming  the  presence  of  no  other  significant  compensating  species,  [Vai'"]  = 
1/3[TF'^]  =  9.2  X  10^^  cm“^  Furthermore,  from  the  intensity  of  the  observed  V-type  band, 
the  oscillator  strength,  f,  is  estimated  from  Smakula’s  expression.^  With  an  ~  0.24  cm“‘  at 
3  eV,  and  halfwidth  AE  ~  1  eV,  then  Nf  -  5.8  x  10’^  a  AE  =  1.4  x  10^^  cm“l  This,  together 
with  the  above  value  for  [Vai'"],  yields  f  =  0.15,  a  reasonable  value.  The  oscillator  strength 
for  the  analogous  V-type  center  in  MgO,  based  on  epr  and  optical  techniques,  is  0.1.^ 

Figure  3  shows,  in  more  detail,  the  uv-radiation-induced  polarized  spectrum,  post¬ 
irradiation  minus  pre-irradiation.  There  are  two  salient  features.  The  V-type  band  is 
anisotropic  with  an  >  a^.  Second,  the  V-type  band  appears  to  be  a  composite  of  two 
bands,  3.0  ±  .1  eV  and  4.8  ±  .1  eV.  Both  these  qualitative  features  were  predicted  in  the 
analysis  by  Bartram  et  al?  Their  calculation  showed  the  normal  lattice  crystal  field 
splitting  the  upper  state,  ^PE,  yielding  two  possible  transitions  from  the  ^PA  ground  state. 
Further,  because  of  two  possible  bond  lengths  and  two  inequivalent  orientations,  four 
transitions  result.  In  one,  when  the  vacancy  site  and  0“  share  the  same  molecule  along 
a  1.97  A  bond,  transitions  were  predicted  at  2.40  and  4.59  eV.  These  are  in  fact  close  to 
the  two  transitions  shown  in  Figure  3.  If  the  vacancy  and  O'  ion  straddled  neighboring 
molecules,  along  a  1.86  A  bond,  transitions  at  1.29  and  3.40  eV  were  predicted.  A 
superposition  of  these  four  transitions  was  foreseen  to  yield  a  broad  composite  absorption 
band,  as  observed. 

In  summary,  oxygen  self-implants  have  shown  that  the  weak,  -3-eV  absorption  band  in 
AI2O3  is  associated  with  positive  charge  trapped  near  an  aluminum  vacancy.  Photobleaching 
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FIGURE  3  UV-radiation  induced  change  in  absorption  of  sample  shown  in  Figure  2.  E||c  solid;  EJ_c,  dashed 
curve.  Oscillations  on  the  dashed  curve  are  an  instrumental  artifact. 
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the  5.4-eV  charge  transfer  band  decorates  an  aluminum  vacancy  with  a  hole  trapped 
on  a  neighboring  oxygen.  The  oscillator  strength  for  the  V-type  band  has  been  estimated 
to  be  0.15.  Band  position,  composite  nature,  and  anisotropy  predicted  by  Bartram  et  al 
have  been  confirmed. 
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OPTICAL  SPECTRA  OF  Cu^^  IONS  IN 
LiF  CRYSTALS 
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Optical  absorption  and  luminescence  of  ions  in  LiF  are  measured  in  the  UV  and  VUV  spectral  regions. 
Absorption  peaks  are  identified  at  133  and  145  nm,  in  good  agreement  with  predictions  of  a  model  valid  for 
LiChCu^'^  and  LiBriCu^"^.  Three  emission  bands,  excited  with  different  efficiencies  in  the  two  absorptions,  are 
revealed  at  270,  320  and  360  nm. 

Key  words:  VUV  Spectroscopy,  Single  Crystals,  LiF:Cu^'^ 

1  INTRODUCTION 

Information  on  the  optical  behaviour  of  Cu^"^  ions  in  crystals  of  alkali  halides  is  rather 
poor:  absorption  spectra  were  measured  only  in  a  few  Cu^'^-doped  systems  ’  ,  and 
photoluminescence  was  never  observed.  Due  to  the  relatively  high  energy  value  of  the 
fundamental  absorption  of  LiF  (about  105  nm),  absorption  bands  of  Cu^"^  impurities  are 
expected  at  shorter  wavelengths  with  respect  to  other  alkali  halides.  For  this  reason, 
spectroscopic  studies  in  LiFrCu^'*'  have  been  carried  out  in  the  vacuum  ultraviolet  region, 
by  taking  advantage  of  the  Synchrotron  radiation  at  the  ADONE  storage  ring  in  Frascati, 
Italy.  Crystals  used  in  the  experiments  were  home  grown  by  the  Kyropoulos  method  and 
doped  with  0.6  mole  %  of  CuF2  in  the  melt.  According  to  recent  detailed  studies  on  the 
incorporation  of  copper  impurities  in  alkali  fluorides,^  LiF  crystals  cannot  be  appreciably 
doped  with  Cu'^  ions  because  of  the  pronounced  instability  of  CuF  at  the  melting  point 
(1113  K)  of  LiF  and  its  complete  transformation  into  Cu  and  CuF2.  This  means  that  the 
known  coexistence  of  both  Cu^"^  and  Cu'*'  species,  possible  in  alkali  chlorides,  cannot  occur 
in  LiF  doped  with  CuF2,  where  the  only  impurity  is  given  by  Cu^'*'  ions. 


2  ABSORPTION  SPECTRA 

Figure  1  shows  the  absorption  spectra,  measured  at  various  temperatures  in  the  spectral 
region  130-300  nm,  of  a  LiF:Cu^'‘'  crystal.  Evident  absorption  bands  are  observed  at  133, 
145,  200  and  280  nm,  and  less  pronounced  peaks  are  found  at  170  and  230  nm.  Previous 
investigations  showed  that  nominally  undoped  LiF  crystals  generally  exhibit  absorptions  at 
170,  200,  230  and  280  nm,  which  are  attributed  to  metal  impurities  (Mg,  Ti)  or  to  oxygen- 
related  defects  accidentally  contained  in  the  starting  LiF  powder."^^  From  these  known 
data,  it  seems  at  first  evident,  in  spite  of  a  not  very  high  quality  of  the  sample,  that  doping 
with  Cu^"*"  ions  causes  the  appearance  of  the  new  absorptions  at  133  and  145  nm.  Their 
temperature  dependence  is  quite  different  with  respect  to  that  of  the  other  absorption 
bands:  with  increasing  temperature,  the  new  bands  are  strongly  depressed,  whereas  the 
other  bands  show  negligible  changes,  as  previously  reported.^  A  preliminary  conclusion  is 
that  the  133  and  145  nm  absorptions  are  not  caused  by  oxygen-related  defects,  and 
therefore  they  can  be  assigned  to  the  absorption  of  Cu^"*^  ions  in  LiF. 
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WAVELENGTH  (nm) 


FIGURE  1  Absorption  spectra  at  various  temperatures  of  a  LiFiCu^"^  crystal  (0.6  mole  %  of  dopant  in  the  melt) 


3  EMISSION  SPECTRA 


Luminescence  excited  at  135  nm  and  145  nm,  namely  in  the  range  of  the  absorption 
in  LiF,  is  shown  in  Figure  2.  Under  optical  pumping  at  135  nm,  the  emission  spectrum 
consists  of  a  composite  band  peaking  at  about  320  nm  and  overlapping  a  weaker  band  at 
about  410  nm.  Excitation  at  145  nm  causes  a  more  complex  emission  spectrum,  formed  by 
three  overlapping  bands  at  about  270,  340  and  410  nm.  Both  spectra  have  been  computer 
resolved  into  gaussian  components,  peaking  at  300,  340  and  410  nm  under  133  nm 
excitation,  and  at  270,  340  and  410  nm  under  145  nm  excitation.  Such  experimental  results 
can  be  interpreted  recalling  that  in  undoped  LiF  crystals  a  typical  emission  at  410  nm  is 
observed  under  excitation  in  the  whole  range  between  130  and  280  nm.  Such  a 
luminescence  is  commonly  assigned  to  oxygen-related  defects  responsible  for  the 
absorption  bands  at  170,  200  and  280  nm.  As  a  consequence,  it  seems  reasonable  to 
attribute  the  other  emissions  between  250  and  370  nm  to  Cu^"^  defects.  The  excitation 
spectra  of  the  luminescence  are  shown  in  Figure  3.  Excitation  of  the  emissions  at  270  and 
330  nm  (the  latter  not  shown)  are  coincident  and  show  a  main  peak  at  133  nm,  with  a  weak 
contribution  of  the  145  nm  absorption.  The  luminescence  at  365  nm  is  effectively  excited 
in  both  133  and  145  nm  bands,  but  some  excitation  is  also  present  in  the  200  and  280  nm 
absorptions  because  of  the  overlap  with  the  410  nm  luminescence. 
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WAVELENGTH  (nm)  WAVELENGTH  (nm) 

FIGURE  2  Emission  spectra  at  13  K  of  LiF:Cu^'^  under  two  VUV  excitations. 


WAVELENGTH  (nm)  WAVELENGTH  (nm) 

FIGURE  3.  Excitation  spectra  at  low  temperature  for  the  emission  bands  of  LiFiCu^"^. 

4  CONCLUSIONS 

The  above  preliminary  experiments,  to  be  confirmed  by  forthcoming  measurements  on 
crystals  free  of  unwanted  impurities,  show  that  the  absorption  of  Cu^"^  impurities  in  LiF 
consists  of  two  bands,  peaking  at  133  and  145  nm,  the  former  producing  luminescence  at 
300  and  340  nm,  and  the  latter  giving  rise  to  emission  at  270  and  340  nm.  The  absorption 
spectrum  can  be  explained  by  analogy  with  the  known  data  for  Cu^*^  ions  in  LiCl  and  LiBr. 
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In  these  systems,  a  model  has  been  proposed^  suggesting  transitions  of  the  octahedral 
molecular  ion  (CuX6)'^  from  the  ground  state  ^Eg  to  the  excited  states  ^Ti^cr  and  ^TiuTt  for 
the  higher  energy  and  the  lower  energy  bands,  respectively.  The  very  good  agreement  of 
both  peak  positions  at  133  and  145  nm  in  LiFiCu^'^  with  those  predicted  by  the  Mollwo- 
Ivey  law  clearly  shows  the  validity  of  such  a  model  for  LiF  as  well.  The  lack  of  any 
information  concerning  photoluminescence  of  Cu^"^  ions  in  other  alkali  halides  makes  it 
difficult  to  identify  the  deexcitation  mechanisms  responsible  for  the  emission  bands.  A 
detailed  study  with  this  aim  is  in  progress. 
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NATURE  OF  UNCOMMON  NUCLEAR  SPIN 
RELAXATION  IN  NaCl  WITH  HIGH 
CONCENTRATION  OF  REORIENTING  OH- 
IMPURITIES  AT  LOW  TEMPERATURES 
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The  unusual  features  of  low  temperature  nuclear  spin  relaxation  in  NaCl  with  high  concentration  of  reorienting 
OH-  impurities,  with  its  primarily  uncommon  temperature  and  electric  field  dependencies,  are  explained  in  the 
framework  of  a  model  based  on  cooperative  OH-  dipole  relaxation  with  taking  into  account  the  role  of  critical 
dipole-dipole  clusters. 
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1  INTRODUCTION 

The  method  of  nuclear  spin-lattice  relaxation  is  informative  not  only  from  the  hand  of 
spin-phonon  interaction  and  spin  dynamic  investigations.  It  is  shown  in^  that  this  method 
is  effective  for  study  of  motion  connected  with  internal  degrees  of  freedom  of  impurities, 
like  reorienting  degrees  of  freedom  as  in  the  case  of  OH-  dipole  impurities  in  NaCl. 

The  present  work  is  devoted  to  experimental  and  theoretical  studies  of  the  uncommon 
behavior  of  nuclear  spin  relaxation  in  NaCl  with  high  concentration  of  reorienting  OH- 
impurities.  This  case  is  specially  interesting  due  to  possibility  of  cooperative  effects. 
Although  the  first  experimental  results  in  this  direction  were  obtained  by  us  earlier^’^  the 
elucidation  of  the  nature  of  this  phenomenon  needed  new  direct  experiments  for 
verification  of  actual  theoretical  models. 

In  this  work  we  have  performed  such*  experiments.  This  is  the  investigation  of  the 
influence  of  external  electric  field  E  on  nuclear  spin  lattice  relaxation  in  the  case  of  interest. 
The  E-field  effect  produces  a  strong  change  in  the  state  of  OH-  dipoles  and  may  be  used 
for  a  check  of  theoretical  models  based  on  cooperative  behavior  of  impurity  dipole  system. 
Besides  this,  we  perform  the  theoretical  consideration  and  develop  the  model  which 
explained  the  main  results  of  experiment. 


2  EXPERIMENTAL  RESULTS 

The  ^^Na  nuclear  spin  relaxation  (NSR)  rate  l/Tj  in  NaCl  containing  different  amounts  of 
reorienting  OH-  impurities  (with  concentration  n  =  40  ppm,  130  ppm,  160  ppm,  420 
ppm,  700  ppm,  1200  ppm  and  1350  ppm)  has  been  measured  between  0.4  K  and  300  K  at 
three  different  Larmor  frequencies  (16  MHz,  27  MHz  and  48  MHz). 

For  high  n  (for  the  n  >  130  ppm)  and  at  low  temperatures  (below  10  K),  the  uncommon 
behavior  of  l/Tj  was  discovered.  There  are  nearly  temperature  independent  l/Tj  values 
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below  3  K  and  for  n  up  to  700  ppm,  and  temperature  dependence  of  1/Ti  with  a  maximum 
at  3  K  for  highest  concentrations  (1200  ppm  and  1350  ppm). 

Besides  this,  a  logarithmic  low  of  NSR  rate  decrease  with  external  electric  field  increase 
was  observed  in  the  region  of  high  OH-  concentrations  and  low  temperatures: 
l/Ti  ~ln(E)"‘. 


3  MODEL  OF  PHENOMENON 

The  idea  of  the  explanation  of  these  NSR  rate  anomalies  is  based  on  the  effect  of  dipole- 
dipole  interaction  in  the  system  of  reorienting  OH-  impurities.  The  dipole-dipole  clusters 
with  critical  relaxation  dynamics  near  the  temperature  of  local  dipole  ordering  Tioc  (critical 
clusters)  appear  due  to  spatial  OH-  distribution.  There  is  a  critical  decrease  of  dipole 
reorientation  rate  l/r  in  critical  clusters  resulting  in  corresponding  increase  of  NSR  rate 
l/Tj  and  in  changing  of  its  temperature  dependence: 

l/r  =  AT(T-Tioc).  (1) 

In  (1)  we  assume  that  the  single  dipole  reorientational  process  at  low  temperatures  is  a 
single-phonon  induced  tunneling  (the  A  is  proportional  to  the  square  of  tunneling  matrix 
element). 

The  next  important  step  is  taking  into  account  the  distribution  of  Tioc  with  parameters 
which  are  depended  on  dipole  concentration  and  electric  field.  The  shape  of  this 
distribution  F[Tioc]  changes  with  concentration  variation.  For  a  small  number  of  critical 
clusters  (when  the  main  part  of  reorienting  dipoles  belongs  to  para-phase  regions),  or  vice 
versa  for  high  concentration  of  reorienting  dipoles  (with  ordered  clusters  or  microdomain 
regions  existence),  the  shape  of  F[Tioc]  is  Lorentzian  with  shifted  center  of  the  distribution: 

F[T,oc]  =  Ba[(T,oe  -  T(0))'  +  (2) 

where  the  center  of  distribution  T(0)  and  its  width  a  are  proportional  to  n,  and  B  is  a 
normalization  parameter.  Let  us  consider  now  the  important  intermediate  case  when  the 
essential  part  of  reorienting  dipoles  belongs  to  critical  clusters  but  the  number  of  ordered 
clusters  or  microdomains  is  small.  Here  we  have  to  deal  with  a  long  range  dipole- 
correlated  system.  The  dipole-dipole  interaction  is  strongly  changed  due  to  additional 
dipole-dipole  correlation  via  critical  clusters  with  high  polarizability.  It  should  be  noted 
that  a  percolation  in  the  system  of  critical  clusters  under  consideration  corresponds  to 
dipole  glass  phase.  The  F [Tioc] in  long  range  dipole-correlated  system  may  be  adopted  as  a 
rectangle- type  dependence: 


F[Tioc]  =  (Tioc(  max)  *T'ioc(niin))  5  Tioc(niin)  Tjqc  T] 


loc(max) 


F[Tioc]  —  0,  Tioc  ^  Tioc(min)  5 'Fioc(max)  Tjoc-  (3) 

where  Tioc(min)  is  determined  by  average  static  field  of  non-reorienting  defects.  We  may 
consider  the  spin-relaxation  process  as  a  result  of  two  steps  for  the  actual  case  of  the  fast 
spin-spin  relaxation  I/T2  1/Ti:  (i)  spin  diffusion  to  fast  relaxing  centers  which  are  the 
nuclei  near  the  reorienting  OH-dipoles,  and  (ii)  spin-dipole  relaxation  of  these  fast 
relaxing  centers.  If  the  bottleneck  is  the  second  step  the  expression  for  1/Ti  is  as  follows: 

1/Ti  =  <  t[1  +  4r[l  -h  > 


(4) 
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where  is  mean  square  of  quadrupole  interaction  of  the  nuclei  near  the  reorienting 
centers,  r  corresponds  to  (1),  and  <  . . .  >  is  averaging  on  Tioc  with  distribution  function 
F[Tioc]  (in  accordance  with  (2),  (3)  in  the  limits  under  consideration).  If  an  external  electric 
field  E  is  larger  than  average  static  field  of  non-reorienting  defects  the  minimum  value  of 
Tioc  is  equal  to 

Tloc(min)  ”  pE/k  (5) 

where  p  is  electric  dipole  moment  of  OH-  impurity.  The  expression  (5)  is  caused  by  E- 
field  suppressing  of  cooperative  behavior  for  v^ues  of  internal  dipole  electric  fields  which 
are  less  than  E. 

This  model  gives  the  possibility  to  explain  the  main  features  of  experiment  on  a 
quantitative  level.  In  particular,  for  the  kT  pE  and  on  the  basis  of  (3),  which  is  actual  for 
T  =  2  K,  n  =  700  ppm  and  E  >  20  kV/cm  as  on  the  experiment,  we  received  from  (1), 
(4)  and  (5)  the  following  expression: 

l/Ti  ~ln[kTioc(max)/pE]  (6) 

with  well  agreement  with  experiment. 
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RELAXATION  AND  IR  SPECTROSCOPIC 
PROPERTIES  OF  THE  CN"  STRETCHING  MODE 
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The  relaxation  times  of  the  ChT  stretching  mode  in  AgCl  and  AgBr  at  1.7  K  are  found  to  be  a  few  hundred 
microseconds.  These  times  are  shorter  by  more  than  two  orders  of  magnitude  than  those  for  CN“  in  most  alkali 
halides.  High  frequency  local  modes  discovered  in  the  silver  halides  are  suggested  to  act  as  fast  relaxation 
channels  causing  this  difference.  Reexamination  of  CN“  doped  sodium  halides  also  reveals  a  local  mode  clearing 
up  the  previously  found  short  times  in  these  materials,  too.  An  energy  gap  law  fits  all  data. 

Key  words:  Silver  halides,  CN"  impurity  molecule,  vibrational  absorption  and  luminescence,  lifetime  of 
CN"  stretching  mode,  vibrational  relaxation  mechanism. 


1  INTRODUCTION 

CN”  molecular  ions  substituted  at  anion  sites  in  alkali  halides  have  been  widely  used  as  a 
model  system  to  explore  the  effect  of  an  ionic  crystal  matrix  on  properties  of  the  impurity 
molecule.  As  to  the  vibrational  spectra  of  the  cyanide,  the  occurrence  of  infrared 
luminescence  due  to  deexcitation  of  the  CN”  stretching  mode^  allows  to  determine 
relaxation  times  and  to  investigate  the  possible  relaxation  mechanisms  which  were  not 
cleared  up  satisfactorily  until  now.  At  low  temperature,  for  the  majority  of  the  alkali  halide 
crystals  the  stretching  mode  is  long-lived  with  lifetimes  close  to  radiative  50  ms)^ 

in  striking  contrast  with  CN"  in  the  sodium  halides.  Here  the  decay  times  are  a  few 
hundred  microseconds,  i.e.  shorter  by  more  than  two  orders  of  magnitude. 

In  seeking  to  understand  this  remarkable  difference  and  explore  the  nature  of  the 
nonradiative  decay  channels  we  have  investigated  cyanide  doped  into  the  silver  halides 
AgCl  and  AgBr^.  Like  alkali  halides,  these  materials  are  ionic  but  with  a  considerable 
degree  of  covalent  bonding.  It  originates  from  the  presence  of  the  Ag  4d-electrons  which 
also  can  be  expected  to  have  a  marked  influence  on  the  impurity-lattice  interaction  and, 
hence,  vibrational  relaxation  behaviour. 


2  EXPERIMENTAL  RESULTS 

Like  in  alkali  halides,  we  observed  in  AgCl  and  AgBr  vibrational  luminescence  around  the 
fundamental  CN"  stretchmode  frequency  but  with  relaxation  times  as  short  as  in  NaCl  and 
NaBr^’^.  Using  tunable  infrared  laser  pulses  with  6  ns  duration  and  pumping  either  the 
sideband  of  the  fundamental  (t;  =  0  — ^  1)  or  the  weak  overtone-absorption  (t;  =  0  ^  2)  the 
time  dependence  of  the  =  1  — >  0  and  v  =  2^  I  intensities  was  measured  exploiting  that 
the  transitions  are  shifted  relative  to  each  other  by  26  cm”^  due  to  anharmonicity.  For  CN" 
concentrations  <  0.5  mol%,  the  decay  curves  were  single  exponential  giving  at  1.7  K 
lifetimes  of  150  (370)  /xs  for  =  1  ^  0  and  80  (170)  //s  for  u  =  2  ^  1  in  AgCl  (AgBr), 
respectively.  These  times  differ  by  nearly  three  orders  of  magnitude  from  those  found  in 
the  potassium,  rubidium,  and  cesium  halides^  where  the  long  times  are  ascribed  to  the  fact 


341 


342 


C.  E.  MUNGAN  ET  AL. 


frequency  (cm""') 


FIGURE  1  Infrared  absorption  of  AgBr  +  1  moI%  AgCN  (nominally)  at  1.7  K  (solid  line),  85  K  (dashed) 
and  150  K  (dotted)  showing  the  CN”  stretch  mode  and  coupled  sideband  spectra. 


that  the  nonradiative  processes,  which  can  be  fast  compared  with  the  radiative  decay, 
would  require  a  large  number  of  phonons  to  match  the  vibrational  energy  and  thus  are 
unlikely. 

In  order  to  explain  the  short  times  found  for  the  silver  halides  and  reveal  the  type  of 
coupling  modes  we  measured  the  vibrational  sideband  spectra  of  the  main  line 

(at  2070  and  2071  cm"^  in  AgCl  and  AgBr;  Figure  1)  employing  Fourier- transform 
spectroscopy.  Most  important,  besides  the  interaction  with  librational  modes  (at 
^  40  cm"^)  and  the  lattice  phonons,  we  discovered  two  unusual  intense  modes  at  207 
(182)  cm  '  and  317  (299)  cm”^  for  CN“  in  AgCl  (AgBr).  These  modes  also  absorb  directly 
in  the  far-infrared  suggesting  dipole  transitions  as  origin.  The  excitation  spectra  of  the  CN“ 
vibrational  luminescence  measured  by  tuning  the  laser  across  each  of  the  sidebands 
(Figure  2)  nicely  reproduce  the  absorption.  It  indicates  that  they  are  localized  excitations  of 
the  cyanide,  which  transfer  their  energy  into  the  pure  stretching  mode  excitations. 
Additional  support  for  this  interpretation  comes  from  the  isotope  shift  of  the  sidebands  in 
13c i5n-  doped  AgBr  (at  176  and  290  cm“^)  which  is  in  agreement  with  the  prediction  by 
the  simple  oscillator  model.  In  the  silver  halides,  these  localized  modes  obviously 
represent  an  efficient  nonradiative  decay  channel  for  the  cyanide  vibration,  of  lower  order 
than  the  phonons.  Acting  as  accepting  modes  they  are  the  reason  for  the  reduced  relaxation 
times  that  we  find. 
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FIGURE  2  Excitation  spectrum  of  the  ChT  stretchmode  luminescence  at  1.7  K  (points)  measured  across  part 
of  the  CN“  sideband  in  Figure  1 .  Solid  line:  absoiption. 

3  CONCLUSIONS 

Supposing  that  the  CNT  stretchmode  in  the  silver  and  alkali  halides  each  decays  into  the 
highest-frequency  (localized  or  lattice  phonon)  mode  available,  an  energy  gap  law"^  can  be 
fitted  to  all  decay  times  as  function  of  the  number  N  of  accepting  modes  (Figure  3).  This 
scheme  suggests  the  existence  of  cyanide  local  modes  also  for  NaCl  and  NaBr  to  account 
for  their  short  CN“  relaxation  times,  and  in  fact  we  found  these  modes.  Physically,  the 
local  modes  are  caused  by  a  sufficiently  strong  interatomic  potential  in  the  neighborhood 
of  the  impurity.  Obviously,  in  the  sodium  halides  the  potential  must  be  qualitatively 
different  from  that  in  the  other  halide  crystals  as  reflected  by  the  (100)  orientation  of  the 
cyanide  in  NaCl  and  NaBr  in  contrast  to  the  usual  (111)  orientation  in  the  other  fee  alkali 
halides.  It  is  worthwhile  noting  that  a  (100)  orientation  has  been  conjectured  as  most  likely 
in  the  silver  halides,  too.^  In  that  case  the  Icr^-  and  27rxy-orbitals  of  the  cyanide  would 
strongly  overlap  with  the  d-electron  wavefiinctions  of  the  surrounding  host  lattice  silver 
ions  presumably  being  the  origin  of  the  strong  high  energy  local  modes. 
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FIGURE  3  CN"(t;  =  1  — >  0)  stretchmode  relaxation  times  at  1.7  K  vs.  number  of  accepting  modes  in  various 
host  crystals  as  shown.  The  alkali  halide  data  are  taken  from  Ref.  1 ;  the  solid  line  is  a  fit  by  an  energy  gap  law  and 
using  Trad  =  50  ms  (for  details  see  Ref.  3). 
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TIME-RESOLVED  PICOSECOND  SPECTROSCOPY  OF 
THE  RESONANT  SECONDARY  RADIATION 
OF  F  CENTERS  IN  KCI 


N.  AKIYAMA,  F.  NAKAHARA  and  H.  OHKURA 

Department  of  Electronic  Engineering,  Okayama  University  of  Science,  1-1  Ridai-cho, 
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The  linear  polarization  (Phl)  of  hot  luminescence  (HL)  composing  of  the  resonant  secondary  radiation  of  the  F 
centers  has  been  measured  using  a  time-resolved  picosecond  spectroscopy  over  the  whole  Stokes  wavenumber  Q 
range.  The  Phl  holds  constant  value  of  about  40%  until  the  onset  of  ordinary  luminescence  (OL),  from  where  it 
decreases  to  vanishingly  small  with  decrease  of  Q,  This  implies  that  the  optically  excited  F  center  relaxes  down 
along  the  2p-like  adiabatic  potential  energy  surface  (APES)  trough,  and  transits  to  the  2s-like  APES  trough  to 
form  the  relaxed  excited  state  (RES).  The  lattice  relaxation  time  and  the  dynamical  transition  time  are  ultra  fast 
estimated  to  be  less  than  15  psec. 


1  INTRODUCTION 

De-excitation  processes  (DEP)  of  the  optically  excited  F  centers  have  been  studied 
qualitatively  with  special  interest  for  many  years.  Hizhnyakov  and  Tehver^  in  1968  and 
Toyozawa^  in  1976  derived  general  theory  of  DEP  of  optically  excited  state.  Amongst  all, 
the  optically  excited  F  center  is  a  typical  one  electron  system  coupled  strongly  with 
phonons  in  condensed  matters.  The  DEP  of  the  F  center  is  represented  as  the  resonant 
secondary  radiation  (RSR)  process  which  occurs  resonants  Raman  scattering  (RRS),  hot 
luminescence  (HL),  and  ordinary  luminescence  (OL)  successively  over  the  whole  Stokes 
range  as  a  function  of  Q. 

In  1982,  Mori,  Hattori,  and  Ohkura^  firstly  observed  the  RSR  spectrum  and  its  linear 
polarization  Phl  of  the  F  centers  over  the  Stokes  range,  after  resonant  excitation. 
Excitation  light  was  from  a  cw  Ar"^  ion  laser  which  was  associated  with  a  dye  laser  to  vary 
Q  for  the  excitation.  Most  outstanding  information  obtained  from  their  experimental 
results  are  (1)  HL  is  decreased  to  vanishingly  small  value  with  decrease  of  Q.  (2)  The  Phl 
holds  constant  value  of  about  40%  over  the  wide  range  of  Q,  but  it  finally  reduces  to  zero 
nearly  at  the  onset  range  of  OL.  They  explained  these  results  based  on  the  concept  of  the 
RSR.  The  lattice  relaxation  time  t\  is  estimated  to  be  as  3  x  10'^^  sec  by  adopting  classical 
damping  oscillator  model.  The  quantum  theory  has  been  developed  by  Muramatsu  and 
Nasu,"^  and  Kayanuma.^  From  theoretical  interpretation  of  experimental  data,  they 
estimated  the  same  amount  of  t\  mentioned  above. 

In  1987,  Nakamura  et  al^  carried  out  a  time-resolved  picosecond  spectroscopy 
measurement  for  the  RSR  of  the  F  centers.  They  have  found  the  same  HL  spectrum  as  in 
Ref.  3.  One  thing  very  different  is  that  the  Phl  spectrum  is  independent  of  Q  nearly  by  the 
onset  of  the  OL  band.  A  merit  of  the  time-resolved  method  is  to  facilitate  the  resolution  of 
HL  and  OL.  However,  for  this  purpose,  one  should  choose  the  repetition  rate  (rps)  of  laser 
pulse  to  be  less  than  the  inverse  of  the  radiative  lifetime  of  the  relaxed  excited  state 
(RES)  of  the  F  center  (rr=0.67  ^txsec  for  KCI).  Otherwise,  the  OL  from  the  many  numbers 
of  preceding  excitation  could  be  admixed  into  the  HL  decay  signal.  The  rps  of  80  MHz 
adopted  in  Ref.  6  would  not  satisfy  this  condition.  In  a  previous  article,^  we  tried  to  reduce 
the  rps  to  0.38  MHz.  In  the  present  work,  we  finally  reduced  it  to  253.3  kHz.  With  this 
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reduction,  we  could  find  that  Phl  is  decreased  to  vanishingly  small  value  in  the  onset  Q 
range  of  the  OL  band.  With  this  information  obtained,  we  have  proposed  a  refined  model 
of  de-excitation  of  the  F  centers  which  will  be  discussed  later. 

2  EXPERIMENTAL  APPARATUS  AND  RESULTS 

The  laser  light  pulse  used  for  optical  excitation  in  the  present  picosecond  time-resolved 
measurement  has  a  width  of  at  most  8  psec  which  is  generated  using  a  cavity  dumped  dye 
laser  pumped  with  a  mode-locked  YAG  laser  (Coherent  Antares  7220,  702,  &  76-s).  RSR 
signals  are  detected  by  a  photon  counting  method  with  a  streak  camera  (Hamamatsu  Streak 
Scope  C4334,  with  time  resolution  of  about  15  psec).  The  rps  of  laser  pulse  was  253.3  kHz. 

Transient  shape  of  time-resolved  RSR  observed  is  relevant  to  Q  for  the  observation.  In 
the  Q  range  from  the  multi-phonon  RRS  to  13  200  cm“^  the  shapes  of  HL  and  excitation 
laser  pulse  are  confirmed  to  be  exactly  the  same.  This  implies  that  the  de-excitation  occurs 
as  a  dropping  down  motion  of  excited  packet  in  the  2p  adiabatic  potential  energy  surface 
(APES)  trough  with  ti  which  is  indistinguishably  fast  in  comparison  with  the  laser  light 
pulse.  We  estimated  that  it  is  less  than  15  psec  being  the  detection  limit  of  our  apparatus. 
In  the  Q  range  below  14000  cm”^  nearly  at  the  onset  range  of  OL,  apparent  rise  time  of 
RSR  shows  a  slightly  time  lag  from  that  of  the  excitation  laser  pulse.  The  deconvolution 
technique  is  adopted  to  separate  HL  from  instantaneous  line  shape  of  RSR,  Thus-separated 
/oL>  and  /hl  are  plotted  in  Figure  1  with  dotted  lines  and  closed  inverse  triangles  as  a 
function  of  Q. 


io"3(n^(,-n)  (cm-'') 


FIGURE  1  Summary  of  results  by  means  of  a  time-resolved  picosecond  spectroscopy  of  the  F  centers  in  KCl 
at  80  K.  The  Phl  is  plotted  with  solid  lines  (closed  circulars  are  for  the  Phl  in  the  OL  range),  /hl  ^d  Iql  with 
closed  inverse  triangles  and  dotted  lines  versus  Q. 
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Then,  the  Phl  are  calculated  in  this  low  Q  range:  They  are  plotted  with  closed  circles  in 
Figure  1.  The  Fhl  spectrum  is  clearly  decreased  to  vanishingly  small  value  in  the  OL 
range  with  decrease  of  On  the  contrary,  Phl  calculated  at  the  range  above  13  200  cm“^ 
is  plotted  with  solid  lines  in  Figure  1,  which  shows  nearly  constant  value  of  about  40%. 
The  decrease  of  Phl  in  the  OL  range  is  the  first  observation  with  using  the  picosecond 
spectroscopy. 

It  is  also  confirmed  that  the  delay  time  of  onset  of  OL  is  estimated  to  be  less  than  the 
detection  limit  of  15  psec.  This  time  may  correspond  to  dynamical  transition  time  from  the 
2p  APES  trough  to  the  2s  APES  trough  by  way  of  Landau-Zener  mechanism.^  Thus- 
transferred  electron  would  be  thermalized  in  the  2s  APES  to  form  the  RES  to  emit  OL, 
thereafter  ceasing  the  optical  cycle  of  the  F  center. 


3  CONCLUSION 

With  the  information  obtained  from  the  present  work,  we  may  propose  a  de-excitation 
mechanism  of  the  optically  excited  F  centers  with  references  to  Figure  2  in  which  the 
APES  are  plotted  as  a  function  of  interaction  coordinates  Q.  De-excitation  occurs  along  the 
2p-like  APES  trough  immediately  after  the  resonant  excitation.  When  it  reached  nearly  at 

E 


FIGURE  2.  APES  for  the  ground  (GS)  and  optically  excited  states  (OES)  of  the  F  center  are  plotted  as  a 
function  of  the  interaction  coordinates  Q.  Optical  pumping  process  (absorption,  de-excitation  path,  and  OL)  are 
shown  with  solid  lines.  HL  is  shown  with  broken  lines. 
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the  bottom  of  the  2p  APES  trough,  it  could  undergo  the  dynamical  transition  to  the  2s 
APES  trough.  The  lattice  relaxation  time  and  the  dynamical  transition  time  to  the  2s-like 
APES  trough  are  ultra  short  of  less  than  15  psec  which  is  less  than  the  limit  of  our 
apparatus. 

Finally,  we  should  mention  the  electronic  structure  of  the  Franck-Condon  state  (FCS) 
that  had  been  determined  by  Grassano  et  al^  from  the  Stark  effect  of  the  FCS.  They 
concluded  that  the  2s-like  state  lies  slightly  above  2p-like  state  in  the  FCS.  Thus,  one  may 
expect  that  the  level  crossing  of  the  2s  and  2p  APES  troughs  could  occur  during  the  lattice 
relaxation.  However,  the  present  results  would  not  show  such  an  evidence.  This  implies 
that,  in  the  first  stage  of  de-excitation,  the  speed  of  excited  phonon  packet  is  so  high  that  it 
would  relax  non-adiabatically  without  suffering  from  the  presence  of  the  2s  APES  trough. 
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FOUR-WAVE  PHASE  CONJUGATION  WITH  F3+ 
COLOR  CENTERS  IN  LiF 
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Fj’*'  color  centers  in  LiF  crystals  have  been  demonstrated  to  generate  a  phase-conjugate  460  nm  wave.  It  is  shown 
that  the  generation  is  caused  by  the  saturation  of  optical  absorption  due  to  the  non-radiative  electron  transitions 
between  the  singlet  and  metastable  triplet  levels  in  F3’''  centers. 

Key  words:  phase  conjugation,  Fj"*"  color  centers. 

Color  centers  in  alkali  halide  crystals  have  attracted  growing  interest  because  of  important 
applications  to  tunable  solid-state  lasers,  Q  switching  of  Nd:YAG  lasers,  and  optical  phase 
conjugation.  Optical  phase  conjugation  is  a  technique  for  reversing  both  the  direction  of 
propagation  and  the  phase  of  an  incoming  light  wave.  Generation  of  the  phase  conjugate 
wave  by  color  centers  has  been  demonstrated  using  the  F2,  ^2^  and  F,”  centers  in  LiF 
crystals.^”^  In  the  present  paper,  we  show  the  phase  conjugation  with  F3^  color  centers  in 
LiF  and  explain  why  F3“^  can  generate  the  phase  conjugate  wave. 

When  an  LiF  crystal  was  irradiated  with  Co^^-rays  at  room  temperature  (RT),  F,  F2,  F3^ 
and  F3  color  centers  were  mostly  created.  After  the  crystal  was  cooled  to  77  K  and 
illuminated  by  a  N2  laser  beam,  they  were  converted  to  F"^,  F2"^  and  F3'^,  respectively. 
When  this  crystal  was  warmed  to  RT  again,  the  F"^  centers  became  mobile  in  the  lattice  to 
form  F3'^  by  combining  with  F2,  while  the  F2'^  centers  form  Fg"^  by  combining  with  F.  In 
this  way  we  obtained  a  colored  LiF  crystal  containing  rich  F3‘^  centers  of  2  x  10^^/cm^. 

The  observation  of  the  phase  conjugate  wave  was  made  by  the  degenerate  four-wave 
mixing  method  using  an  experimental  setup  shown  in  Figure  1.  As  a  pump  source  we  used 
pulsed  460  nm  light  emitted  from  a  coumarin-460  dye  laser.  The  angle  between  the 
forward  pump  light  (Ei)  and  the  probe  light  (Ep)  was  3.4°.  The  phase  conjugate  wave  Ec 
was  incident  on  a  50%  beam-splitter  M5.  The  generation  of  a  phase  conjugate  wave  was 
confirmed  as  follows.  Firstly,  the  spot  size  of  the  Ec  beam  which  entered  the  photo¬ 
detector  D  was  the  same  size  as  the  probe  light  beam.  Secondly,  when  the  forward  pump 
beam  was  cut  off,  no  signal  was  detected.  This  indicates  the  spot  is  the  phase  conjugate 
wave. 

The  observed  phase  conjugation  reflectivity  R  is  plotted  in  Figure  2  against  the  power 
of  the  probe  beam.  The  reflectivity  has  a  maximum  of  0.1%  at  the  probe  beam  power  of 
approximately  1.5  mJ.  This  value  corresponds  to  a  power  density  of  0.86  MW/cm^  since 
we  used  a  460  nm  laser  beam  with  a  radius  of  0.37  cm  and  with  a  pulse  width  of  4  ns  as  the 
probe  beam. 

The  F3“^  center  consists  of  three  adjacent  negative-ion  vacancies  forming  an  equilateral 
triangle  in  a  (111)  plane  with  two  trapped  electrons  in  cubic  alkali  halide  crystals."^  The 
F3'’'  centers  in  LiF  produce  an  emission  band  with  a  peak  at  528  nm  by  excitation  in  the 
458  nm  absorption  band.^  The  ground  state  of  the  F3'^  center  is  ^Ai  and  the  low-lying 
excited  states  are  ^Ei,  ^E,  and  ^A2  in  order  of  increasing  energy.^  The  458  nm  absorption 
band  is  caused  by  the  ^Ai  ^  ^E  dipole  transition. 

The  electrons  excited  to  the  ^E  level  are  relaxed  to  the  relaxed  excited  state  ^E* 
nonradiatively.  Then  the  electrons  make  a  transition  to  the  non-relaxed  ground  state  ^Aj* 
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^=460nm 


FIGURE  1  Optical  arrangement  for  the  phase  conjugation  experiment  with  an  LiF:F3'^  crystal.  Ei :  forward 
pump  beam,  E2:  backward  pump  beam,  probe  beam,  Ec:  phase  conjugate  beam.  Mi,  M5:  beam  splitter, 
D:  photo-detector,  M2,  M3,  M4:  mirror. 


FIGURE  2  Reflectivity  (R)  of  the  phase  conjugate  wave  plotted  against  the  power  (Ep)  of  the  probe  beam. 
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FIGURE  3  Energy  level  diagram  (schematic)  of  F3‘^  center  and  the  optical  cycle  of  absorption  and 
luminescence. 


giving  rise  to  the  528  nm  emission,  while  some  electrons  in  the  level  are  moved  to  the 
nearby  level  nonradiatively  (Figure  3).  The  characteristic  time  of  radiationless 
transition  (RT)  from  the  ^Ej*  to  ^Ei  level  is  r  =  0.5  s  (see  Figure  3),'^  while  the 
characteristic  time  of  RT  from  the  ^Eito  level  is  r2  =  5  s.^  Such  a  long  RT 
characteristic  time  creates  a  population  inversion  between  the  and  ^Ai  levels  with 
increasing  the  pump  power,  resulting  in  the  saturation  of  the  absorption. 

A  saturated  absorption  was  certainly  observed  for  the  F3'^  centers:  the  saturation  power 
density  was  about  1  MW/cm^.  This  value  is  close  to  the  saturation  value  for  the  reflectivity 
R.  Therefore  it  is  suggested  that  the  phase  conjugation  is  caused  by  the  nonlinear 
saturation  of  absorption  in  LiF:F3‘^.  This  suggestion  is  confirmed  to  be  reasonable  as 
follows. 

The  F3'^  centers  in  LiF  crystal  have  been  used  as  a  green  roomemperature-stable  color 
center  laser.  ^  For  the  stable  lasing,  the  colored  LiF  crystal  was  pumped  by  a  pulsed 
coumarin-460  dye  laser  with  a  low  repetition  rate  of  1.2  Hz.^  Unlike  the  case  of  lasing,  in 
phase  conjugation  we  used  the  dye  laser  with  a  repetition  rate  of  10  Hz.  Such  a  high 
repetition  rate  induces  a  saturated  absorption  in  the  F3'^  centers  since  a  high  population  in 
the  ^Ei  level  is  achieved  by  the  slow  relaxation  time  from  the  metastable  ^Ei  level  into  the 
^  Aj*  level.  This  gives  rise  to  optically  induced  refractive-index  gratings  in  LiF:F3'*'  crystal 
by  the  interference  of  the  forward  and  probe  beams.  As  a  result,  the  phase  conjugate  wave 
is  generated  by  a  diffraction  of  the  backward  beam  at  the  grating. 
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In  conclusion,  we  observed  a  generation  of  460  nm  phase-conjugate  wave  using 
LiF:F3'^  crystals  and  we  confirmed  the  generation  is  caused  by  the  saturation  of  F3'^ 
absorption  due  to  the  long  singlet-triplet  radiationless  transition  time. 
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CU^  AND  OR-  PAIRS  DEFECTS  INTERACTION  IN  NaF 
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The  presence  of  Cu"^  in  OH"  doped  NaF  crystal  results  in  several  new  infrared  absorption  bands  with  ~  0.2  cm" 
halfwidth  at  100  K,  and  their  relative  intensities  are  strongly  impurity  concentration  dependent.  Their  assignments 
are  not  evident  and  are  mostly  attributed  to  different  vibrational  internal  modes  of  the  molecular  OH"  perturbed  by 
neighboring  Cu"^  ions.^  We  report  the  results  of  the  temperature  dependence  of  several  OH"  sidebands  around  the 
3737.8  cm“^  ‘free’  OH"  stretching  mode.  The  temperature  dependence  reveals  a  different  behaviour  from  already 
known  OH"  quasi  free  rotor  in  several  cesium  haJides.^  For  the  temperature  range  from  100  to  300  K,  the  free 
OH"  halfwidth  shows  a  T^  behaviour.  While  for  three  chosen  absorption  sidebands  are  determined  to  be  T^'^,  T^  * 
and  T^  The  lack  of  observable  thermally  stimulated  depolarization  current  and  electric  field  induced  dichroism^ 
indicates  that  the  OH"  is  frozen-in,  so  it  is  also  the  same  with  the  OH"-Cu'^  pairs. 

Key  words:  Alkali  halides.  NaF.  OH"/Cu‘^  impurities. 


It  is  well  known  that  molecular  OH“  ions  and  positive  divalent  metal  (Me^"^),  can  interact 
in  alkali  halides  and  fluorides'^  host  crystals.  Tliese  interaction  results  from  an  OH'/Me^"^ 
defect  formation,  where  a  charge  compensating  cation  vacancy  is  required  to  reach  a  local 
charge  compensation.  The  formations  of  these  defects  change  the  stretching  vibrational 
mode  absorption  band  of  the  OH"  ions,  resulting  in  new  infrared  sidebands  as  well  as 
altered  shapes  of  the  stretching  vibration  band. 

We  have  reported  recently  the  existence  of  an  interaction  effect  between  Cu"^  ions  and 
OH"  molecular  ions  in  NaF  single  crystals,  where  charge  compensating  vacancies’  effects 
are  not  necessary.  From  the  interaction  results  a  more  complex  infrared  line  spectrum 
around  3700  cm“^  shifted  to  the  low  energy  side  to  the  ‘free’  OH"  stretching  mode^  It  was 
also  observed  some  changes  in  the  ultraviolet  Cu"^  electronic  transition  as  compared  with 
‘free’  Cu"^  ions  in  the  same  host.^ 

Two  different  types  of  NaF:Cu'^:OH"  samples  were  used,  one  where  the  Cu"^  was 
diffused  after  the  crystal  was  grown,  and  the  other  where  the  Cu'^  is  introduced  during  the 
melt  of  the  crystal  growth. 

A  color  center  laser  spectrophotometer  (CCLS)  was  used  to  obtain  the  infrared 
absorption  spectra.  The  resolution  of  the  CCLS  was  0.186  cm“^  for  the  interval  range  of 
3520  to  3900  cm"^ 

The  coupling  effect  between  Cu"^  ions  and  molecular  OH"  ions  in  the  studied  NaF 
crystals,  produce  a  set  of  15  new  absorption  lines, ^  assigned  form  A  to  O.  These  lines, 
among  3560  to  3710  cm“^  are  shifted  to  the  low  energy  side  of  the  free  OH"  3737.8  cm"^ 
absorption  in  NaF  at  100  K.  This  energy  shift  is  due  to  the  change  in  the  anharmonic 
parameter  of  the  OH"  well  potential  due  to  its  interaction  with  a  neighboring  Cu'*'  ion. 

To  unveil  the  degree  of  doping  homogeneity  between  both  samples,  we  scanned  the 
absorption  intensity  of  selected  new  lines  at  different  depths  of  the  sample.  This  is  shown 
in  the  inset  of  Figure  1,  with  a  length  L  of  3.5  mm.  Figure  1(a)  shows  the  plot  of  several 
scans  for  the  selected  ‘K’,  ‘M’  and  ‘O’  lines,  which  are  respectively  at  3600.2,  3592.8  and 
3572.0  cm"^  As  it  is  observed  the  absorption  intensity,  for  each  of  the  lines,  changes  with 
the  depth  of  the  sample,  that  indicates  an  inhomogeneous  distribution  of  the  impurities. 
The  same  experimental  measurement  setup  was  used  to  analyze  the  second  type  of 
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FIGURE  1  Absorption  strength  distribution  from  lines  ‘K’,  ‘M’  and  ‘O’  at  different  depths  of  the  sample. 

(a)  For  thermally  diffused  Cu'*'  doped  sample,  (b)  For  copper  doped  in  the  melt  during  the  crystal  growA,  The 
insets  show  the  sample  setup  for  0H7Cu'*’  depth  profile  and  the  infrared  absorption  measurement  at  100  K. 
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FIGURE  2  Halfwidth  temperature  dependence  of  more  intense  absorption  bands  in  NaF:Cu‘^:OH“ : 

(a)  Free  OH“  at  3737.8  cm“\  (b)  ‘O’  line  at  3572.0  cm“^  ‘K’  line  at  3600.2  cm“^  ‘L’  line  at  3598.0  cm“^ 


samples.  The  results  for  the  distribution  of  impurities  are  shown  in  figure  1(b),  where  it  is 
also  shown  the  IR  absorption  measurement.  In  this  case  a  rather  good  distribution 
homogeneity  throughout  the  depth  of  the  sample  is  observed.  In  spite  of  the  different 
concentration  profile  for  the  two  samples,  the  new  set  of  spectral  lines  is  the  same. 

It  is  likely  well  known  that  the  OH~  molecule  behaves  as  a  quasi  free  rotor  in  several 
studied  cesium  halides,^  and  this  mechanism  would  provides  a  Az/  For  kT-CVo 

case,  the  molecules  realize  oscillatory  movements,  and  the  vibrational  spectra  consist  of  an 
intense  Q  branch.  The  reorientation  between  the  equivalent  oriented  direction  is  limited  to 
tunnelling  processes.^  The  molecular  OH"  impurity  absorption  linewidth  shows 
temperature  dependence  and  different  functional  behaviour,  and  it  depends  on  whether 
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it  is  in  a  free  or  coupled  state  with  Cu'^.  Figure  2  shows  several  plots  of  these  behaviors  in 
the  NaF  crystal.  Figure  2(a)  is  for  the  free  OFT,  and  Figure  2(b)  the  lines  ‘O’,  ‘K’  and  ‘L’ 
are  from  the  coupled  OH“-Cu'^  pair. 

For  the  case  of  single  OH“  doped  NaF  crystal,  the  absorption  linewidth  of  the  stretching 
mode  at  3737.8  cm“^  shows  a  temperature  dependence  in  the  90  to  300  K  range.  This 
indicates  the  behaviour  can  not  be  compared  with  a  quasi  free  rotor  case.  The  strong 
change  to  T^  behaviour  indicates  that  the  molecule  is  more  hindered  to  rotate,  allowing  to 
induce  that  the  molecule  is  suffering  a  more  permanent  alignment  in  the  lattice.  To  verify 
the  non  existence  of  classical  reorientation  process  for  the  OH“  in  NaF:Cu'^:OH“,  the 
samples  were  submitted  to  thermally  stimulated  depolarization  current  (TSDC) 
experiments.  Effectively  no  depolarization  current  was  detected.  Since  the  TSDC 
technique  works  only  for  classical  dipole  system,  there  are  two  possibilities  for  the  OH“ 
behaviour,  as  it  would  be  for  the  free  as  also  for  the  coupled  case: 

-  Permanent  oriented  frozen-in  OH”  dipole  due  to  high  potential  barrier  between  the 
multiequivalent  oriented  directions. 

-  The  existence  of  reorientation  processes  by  tunnelling  between  the  multiequivalent 
oriented  directions. 

Moreover,  earlier  results  of  electric  field  induced  dichroism  studies^  in  NaFiOH” 
revealed  no  observable  effect,  even  using  electric  fields  as  high  as  10^  V/cm.  That  means 
that  a  tunnelling  process  would  be  unlikely  to  occur,  which  together  with  our  TSDC  results 
it  can  be  concluded  the  OH”  is  permanently  ffozen-in. 
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CU^  HIGH  DOPING  EFFECTS 
IN  KCl  AND  KBr  FILMS 


L.  OLIVEIRA,  *C.  M.  G.  S.  CRUZ,  M.  A.  P.  SILVA  AND  M.  SIU-LI 
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Highly  Cu"^  doped  KCl  and  KBr  polycrystalline  films  were  investigated  in  the  range  of  lO^^-lO^^  cm“^  Cu'^ 
concentration.  Several  techniques  were  used  to  obtain  the  optical  and  structural  properties,  as  optical  absorption 
and  transmittance,  electronic  microscopy  (SEM),  X-ray  diffraction  and  ellipsometry.  The  Cu"^  off-center  effect  is 
still  present  in  the  films,  as  determined  by  optical  and  thermally  stimulated  depolarization  current  measurements 
(TSDC).  The  films  were  obtained  by  thermal  evaporation,  and  the  corresponding  doping  Cu-halide  is  introduced 
in  the  same  evaporating  crucible.  Samples  with  diverse  concentrations,  ranging  from  nominal  1  to  10%  mole, 
were  prepared.  The  increase  of  Cu'^  concentration  results  in  an  improved  cyrstallynity  of  the  grains,  with  higher 
density  and  a  better  transmittance  of  the  film  above  350  nm.  Optical  application  as  UV  filter  device  can  be 
considered. 

Key  words:  Alkali  halides,  polycrystalline  films,  optical  properties,  impurities. 


Several  reported  works  on  Cu"^,  as  an  impurity  in  alkali  halides,  have  concluded  that  it  can 
be  found  sitting  in  either  an  on-center  or  off-center  position.^  Independent  of  such  an  on- 
or  off-center  substitutional  position,  the  Cu'*'  ion  shows  an  UV  absorption  band,  due  to  its 
3d^^-3d^4s  transition.  This  transition  becomes  possible  in  both  situations  by  lattice 
dynamic  effect  (on-center)  or  by  static  effect  (off-center).  The  present  work  reports  strong 
differences  observed  between  single  crystal  samples,  grown  by  the  Kyropoulos- 
Czochralski  method,  and  polycrystalline  film  samples.  For  the  same  nominal  doping 
concentration,  for  example  l%CuCl  mole,  it  is  found  different  concentrations  in  both  kinds 
of  samples:  10^^  cm”^  in  the  single  crystal  and  10^^  cm”^  in  the  film.  This  fact  yields  to 
different  optical  properties.  So,  a  more  detailed  investigation  of  the  films  has  been  done 
through  electron  microscopy  (SEM),  X-ray  diffraction,  optical  absorption  and  transmit¬ 
tance,  ellipsometry  and  TSDC. 

The  samples  were  produced  by  thermal  evaporation  process  of  KCl(Br)  and 
x%CuCl(Br)  mole  (1  <  x  <  10),  on  diverse  room  temperature  substrates:  sapphire,  quartz 
and  copper  foil.  The  morphologic  observations  are  substrate  type  independent.  It  was  used 
a  pressure  of  10“^  ton*  in  the  evaporating  chamber,  and  under  this  pressure  an  estimated 
growing  rate  of  9  nm/s  (13  nm/s)  for  KCl(KBr)  films  were  used. 

In  Figure  1  it  is  shown  the  obtained  SEM  images,  together  with  their  respective  X-ray 
diffractions  and  optical  transmittance  measurements  for  KChCu"^  polycrystalline  films,  for 
1,  5  and  10%CuCl  mole  doping.  As  the  doping  concentration  is  increased  it  is  observed  a 
distinguished  increase  in  grain  density.  Similarly,  the  X-ray  diffraction  measurements 
reveal  the  grains  prefer  to  grow  along  the  (100)  direction.  The  X-ray  diffractions  also  show 
a  decreasing  behavior  of  the  linewidths.  Comparison  between  obtained  X-ray  diffraction 
results  in  KBr  and  KBr:Cu'*‘  polycrystalline  films  reveal  a  30%  narrower  linewidth  for 
KBr:Cu'^.  Both  X-ray  diffraction  results  suggest  that  the  Cu"^  is  an  active  element  for 
improving  the  crystallynity  of  the  grains.  The  obtained  lattice  parameter  was  6.295  A  for 

*On  leave  from  Centro  Federal  de  Educagao  Tecnologica  de  Parana,  Brazil. 
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FIGURE  1  SEM  images,  X-ray  diffraction  and  optical  transmittance  measurements  observed  in  KCbCu"^  films 
at  different  nominal  concentrations  of  1,  5  and  10%  CuCl  mole. 


KClrCu*^  and  6.601  A  for  KBr:Cu'*',  these  values  are  close  to  the  one  found  in  usual 
crystallographic  references.  It  is  observed  from  the  respective  optical  transmittance 
spectra,  shown  in  the  same  Figure  1,  that  there  is  an  improvement  in  the  transmittance 
above  350  nm.  The  band  observed  at  266  nm  (278  nm)  for  KCl(KBr)  is  attributed  to  the 
Cu"^  impurity,  that  remains  in  the  same  position  in  spite  of  increasing  the  doping 
concentration,  but  the  width  at  half  height  also  decrease.  These  observations  are 
completely  different  from  the  one  observed  with  single  crystal  samples.  It  was  found,  for 
instance,  a  10^  time  larger  absorption  coefficient  in  the  film  than  in  the  single  crystal  for 
the  case  of  a  nominal  l%CuCl  doping.  Usually  for  the  same  nominal  concentration  in 
single  crystals,  it  is  found  a  lO^^cm”^  concentration,  with  a  broad  halfwidth  of  48  nm  at 
274  nm,  as  shown  in  Figure  2(a).  After  a  thermal  treatment  at  600''C  for  5  minutes  and 
quenched  to  room  temperature,  the  absorption  band  appears  narrower  with  35  nm 
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FIGURE  2  (a)  Optical  absorption  measurement  of  KCl  +  1  %CuCl  single  crystal  ( - )  before  thermal 

annealing  and  ( - )  after  thermal  annealing  at  600  C  for  5  minutes  and  quenched  to  room  temperature. 

(b)  Room  temperature  optical  absorption  measurement  of  KCl  +1%  CuCl  polycrystalline  film. 


bandwidth  and  shifted  to  260  nm.  This  suggests  also  the  existence  of  agglomerates  that  can 
be  diluted  after  a  thermal  treatment.  The  results  obtained  for  the  film  samples  show  a 
narrower  bandwidth  of  26  nm  and  a  much  larger  absorption  constant,  as  can  be  observed 
from  Figure  2(b).  This  result  also  confirms  that  the  degree  of  crystallynity  is  better  in  the 
film  grains. 

Since  the  Cu"^  was  determined  to  be  in  a  substitutional  off-center  position  in  single 
crystals,  we  tried  to  look  for  the  same  profile  in  the  films.  The  integrated  absorption  band 
was  determined  to  be  temperature  independent,  which  is  a  fact  for  the  off-center  behavior. 
We  also  determined  the  Cu"^  oscillator  strength  by  using  the  Smakula’s  formula  and  the 
concentration  obtained  by  EDX,  yielding  a  value  of  0.034,  which  is  very  close  to  the  value 
observed  in  single  crystal.  The  TSDC  measurements  show  the  existence  of  an  electric 
dipole  system  on  behalf  of  the  Cu‘*‘  off-center  effect.  This  is  shown  in  Figure  3,  where  we 
can  observe  a  typical  TSDC  scan  of  KCl  +  l%CuCl  film  of  3  fjm  thickness.  The  peak 
position  is  at  49  K,  obtained  with  a  heating  rate  of  0.052  K/s.  Three  different  fitting  models 
were  used,  and  the  best  one  was  obtained  with  the  distribution  function  of  Havriliak- 
Negami.  A  mean  activation  energy  of  147  meV  and  a  time  constant  of  2xl0“^'^s  were 
obtained. 
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FIGURE  3  TSDC  measurement  of  KCl  +  l%CuCl  film,  the  solid  curve  represents  the  experimental  result,  and 
the  dashed  curve  is  the  fitted  curve  obtained  through  the  Havriliak-Negami  distribution  model. 
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RADIATION  INDUCED  COLOUR  CENTRES  IN 
CERIUM  FLUORIDE 

E.  APOSTOL,  I.  DAFINEI,  GH.  MITROAICA,  T.  TANASE  and  V.  TOPA 

I.F.T.M.  LF.A,  Bucuresti  Romania;  E.  AUFFRAY,  P,  LECOQ  CERN  Geneve,  Switzerland; 
M.  SCHNEEGANS  LAPP  Annecy,  France 

Radiation  induced  colour  centres  in  CeFa  crystals  have  been  studied  by  spectroscopic  techniques  using  eight 
crystals  produced  with  various  degrees  of  purity  by  different  manufacturers  in  slightly  different  growing 
conditions.  The  crystals  were  irradiated  at  liquid  nitrogen  temperature  with  electrons  of  7  MeV  at  doses  of  10^  to 
3-10®  rad.  Absorption  spectra  ranging  between  250  and  750  nm  recorded  at  irradiation  temperature  are  quite 
different  from  one  producer  to  another,  regarding  both  the  values  of  absorption  coefficient  (17  cm“*— 5  cm“^) 
and  the  number  and  form  of  the  absorption  bands.  Step-by-step  annealing  up  to  room  temperature  produces  new 
absorption  bands.  In  the  range  of  200-240  K,  three  well  resolved  bands  appear  as  in  the  case  of  crystals  irradiated 
at  room  temperature. 

Key  words’.  CeFs,  radiation  damage,  colour  centres,  annealing. 


1  INTRODUCTION 

As  was  shown  by  the  Crystal  Clear  Collaboration  at  CERN,  the  irradiation  of  CeFs  crystals 
with  7~rays  at  room  temperature  induced  the  formation  of  colour  centres  in  which  the 
fluorine  vacancies  can  play  an  important  role.^"^  It  has  been  found  that  there  are  (even  in 
the  same,  long  crystal  of  CeFs  at  both  ends)  two  kinds  of  colour  centres  illustrated  by  two 
different  absorption  spectra.  The  majority  of  the  crystals  have  shown  three  bands  peaking 
at  340,  380,  and  450  nm,  while  others  exhibited  only  two  bands  peaking  at  320  and 
500  nm.  It  is  also  very  important  to  investigate  colour  centres  induced  by  irradiation  at 
low  temperature  as  was  recently  made  by  Halliburton  and  Edwards'^  because  such  centres 
created  at  low  temperature  can  give  important  information  also  about  the  defects  induced 
by  irradiation  at  room  temperature. 

In  this  paper  we  report  some  selected  results  of  our  studies  concerning  the  formation, 
stability  and  conversion  of  colour  centres.  The  crystals  were  irradiated  by  electron  beam  at 
85  K  and  annealed  at  higher  temperature  afterwards.  The  aims  of  this  paper  are: 

-  to  obtain  a  higher  concentration  of  colour  centres  than  at  room  temperature  irradiation; 

-  to  compare  different  crystals  (undoped  and  doped),  supplied  by  four  producers 
(OPTO VAC,  KARL  KORTH,  PRECIOSA-  TURNOV,  CRISMATEC),  from  the  point 
of  view  of  radiation  damage; 

~  to  study  the  formation  of  colour  centres  versus  radiation  dose; 

-  to  study  using  the  step-by-step  annealing,  the  kinetics  of  destruction,  formation  and 
conversion  of  the  colour  centres  produced  at  low  temperature; 


2  EXPERIMENTAL 

All  samples  were  irradiated  with  a  7  MeV  electron  beam  at  the  Linear  Accelerator  Facility 
of  the  Institute  of  Atomic  Physics  in  Bucharest  at  dose  rates  ranging  from  0.1*10^  to 
1.6-10^  rad/sec,  at  85  K. 
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FIGURE  1  Optical  absorption  spectra  of  electron  irradiated  CeFs  crystals  from  four  producers. 
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FIGURE  2  Optical  absorption  spectra  of  electron  irradiated  CeFs  crystal  submited  to  thermal  annealing. 
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The  sample  was  fixed  on  a  cooled  finger  of  a  metallic  cryostat  with  four  CaF2  windows, 
two  of  them  used  for  electron  irradiation  and  another  two  for  absorption  spectra 
measurements.  These  spectra  have  been  recorded  with  a  Carry  17D  spectrophotometer 
linked  with  a  PC  computer  where  the  data  were  stored  and  analyzed.  The  samples  that  we 
used  were  not  oriented. 


3  EXPERIMENTAL  RESULTS 

At  the  highest  dose  used  (3-10^  rad)  the  samples  become  opaque  in  the  spectral  range 
250-800  nm.  At  this  dose,  it  seems  that  a  saturation  occurs  and  we  have  not  observed 
(keeping  the  crystal  at  liquid  nitrogen  temperature)  even  after  6  hours,  any  recovery  in 
time.  The  annealing  at  room  temperature  leads  to  the  disappearance  of  ^e  additional 
absorption  spectra  induced  by  radiation.  Nevertheless,  three  very  weak  bands  in  the 
300^70  nm  region,  remain  like  those  in  7-irradiated  crystals  at  room  temperature.^  At  the 
dose  1-10^  rad  structured  absorption  spectra  were  measured  with  a  very  large  height  and 
halftwidth  peaking  at  500  nm  and  similar  band  peaking  at  about  700  nm,  quite  like  to  the 
ones  reported  by  Halliburton  and  Edwards^  in  X-ray  irradiated  CeF3  crystals  at  20  K.  At 
low  doses  (10"^  rad),  the  same  absorption  bands  appear  with  lower  intensity,  and  at  a  dose 
still  lower  the  recovery  at  liquid  nitrogen  temperature  is  faster  then  for  the  dose  10^  rad. 
The  absorption  spectra  immediately  after  irradiation  (with  the  same  dose  10^  rad)  are  very 
different  for  crystals  made  by  different  producers  both  in  form  and  intensity  of  the  bands  as 
shown  in  Figure  1. 

Figure  2  shows  the  change  in  absorption,  30  min.  (curve  2)  after  irradiation  and  after 
annealing  at  160  K  (curve  3),  200  K  and  240  K  (curve  4  and  5).  It  is  clear  from  this  figure 
that  even  when  the  crystal  is  kept  at  liquid  nitrogen  temperature,  the  recovery  of  two  main 
bands  (475  and  700  nm)  occurs.  At  least  two  new  bands  are  formed,  which  become  well 
resolved  (330  and  400  nm)  after  annealing  at  160  K.  At  this  temperature,  the  475  and 
700  nm  bands  disappear  almost  completely,  the  annealing  about  200  K  changes  the 
spectrum  once  again,  and  at  least  three  bands  peaking  at  340,  380,  and  450  nm  appear  that 
are  well-known  in  crystals  irradiated  at  room  temperature.  These  are  slightly  shifted  in 
maximum  position  and  half- width  in  comparison  with  the  bands  formed  at  160  K.  The 
annealing  up  to  room  temperature  leads  only  to  a  decrease  of  intensity  of  these  three  bands 
(curves  4  and  5,  Figure  2).  Among  the  eight  crystals  used,  we  found  two  crystals  (K. 
KORTH  241  and  OPTOVAC  606)  which  in  the  last  step  of  annealing  (200-300  K) 
exhibited  a  different  spectrum  (see  Figure  3,  curve  4)  from  the  other  six  crystals  which 
showed  three  bands  (with  different  relative  intensities)  as  is  illustrated  in  Figure  3  (curve  2 
and  3).  It  is  interesting  to  point  out  that  by  a  suitable  annealing  (temperature  and  time),  it  is 
possible  to  obtain  only  the  bands  at  340  nm  and  450  nm.  The  band  at  385  nm  is  completely 
suppressed  (Figure  3  curve  1). 

The  main  result  of  the  annealing  measurements  is  that  there  are  three  steps  in  colour 
centre  formation  :  1st  step  :  near  liquid  nitrogen  temperature  (bands  at  475  and  700  nm. 
Figure  2  curves  1  and  2);  2nd  step  :  between  100  and  160  K  (bands  at  330  and  400  nm. 
Figure  2  curve  3);  3rd  step  :  between  180-300  K  (bands  at  340,  380,  450  nm,  Figure  2 
curves  4  and  5). 

4  DISCUSSION  AND  CONCLUSION 

CeFs  crystals  contain  cationic  and  anionic  impurities  from  the  raw  material  or  crucible. 
Besides,  the  producers  add  some  divalent  fluoride  (CdF2,PbF2  or  BaF2)  to  improve  the 
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FIGURE  3  Optical  absorption  spectra  of  electron  irradiated  CeFs  crystals  annealed  at  240  K. 
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optical  quality  of  the  crystals.  Consequently,  there  are  structural  point  defects,  cationic  and 
anionic  vacancies  for  charge  compensation,  interstitial  fluorine  ions  and  several  cationic 
and  anionic  impurities  in  the  crystals.  In  these  conditions,  in  irradiated  CeFs  crystals  at  low 
temperature,  we  expect  that,  besides  the  classical  F,  Vk  or  H  centres,  various  perturbed 
centres  will  be  formed  by  a  combination  of  classical  colour  centres  with  impurities  cations 
or  anions  (especially  rare-earth  and  oxygen  ions). 

Taking  into  account  the  results  obtained  in  this  paper,  the  results  of  Halliburton  and 
Edwards'^  and  those  of  Williams  et  aL,^  which  demonstrated  the  existence  of  F  centres  in 
CeF3  by  EPR  spectra,  we  tentatively  assume  that  the  bands  (330  and  400  nm)  found  in  the 
second  annealing  step  are  due  to  the  F  like  center  defect.  The  two  intense  bands  peaking  at 
475  and  700  nm  can  be  attributed  to  Vk  or  H  type  centres.  The  may  overlap  the  absorption 
bands  of  the  F  center  detected  by  EPR  in  the  same  range  between  20-180  K.^  The  bands 
formed  at  180-300  K  (340,  380  and  450  nm)  are  due  to  an  F  center  perturbed  by  rare- 
earth  ions.  Favoring  this  assumption  is  the  surprising  similarity  of  these  bands  with  those 
obtained  in  CaF2  doped  with  rare-earth  ions  and  irradiated  with  X-rays.^  Moreover,  the 
fact  that  in  this  annealing  step  some  crystals  where  found  to  exhibit  an  absorption  spectrum 
(curve  4  Figure  3)  different  from  those  found  in  most  CeFs  crystals  studied,  is  also  in 
agreement  with  our  assumption. 
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UP-CONVERSION  AND  RELAXATION  KINETICS 
AMONG  CN“  VIBRATIONAL  STATES  AFTER  SINGLE 
PULSE  0-^1  EXCITATION  IN  RUBIDIUM-HALIDE- 
CYANIDE  CRYSTALS 
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Vibrational  luminescence  (VL)  spectra  and  time-dependence  of  their  components  have  been  investigated  at  14  K 
under  direct  excitation  of  the  fundamental  v(0— >1)  CN"  transition  with  strong  and  short  pulses  from  a  frequency- 
doubled  CO2  laser.  Up-conversion  among  CN”  vibrational  states  were  established  up  the  v  =13  state,  typically, 
depending  on  CN“  concentration,  excitation  density  and  sample  temperature.  Time-dependence  of  the  VL-signal 
shows  a  variety  of  aspects  relevant  to  the  build-up  and  relaxation  processes  for  each  v-level  population  after  single 
pulse  v(0— >1)  excitation.  The  observed  VL  behaviors  are  explained  in  terms  of  rather  fast  v-v  energy  transfer 
among  CN”  vibrational  states  due  to  phonon-assisted  resonant  processes  and  slow  radiative  decay  processes  of 
each  v-Ievel. 

Key  words  CN”,  rubidium  halide,  cyanide,  up-conversion,  v-v  transfer,  vibrational  luminescence. 


1  INTRODUCTION 

With  excitation  of  the  fundamental  vibrational  (v)  level  of  CN“  molecules  isolated  in  alkali 
halide  matrices,  strong  vibrational  luminescence  (VL)  is  observed  at  ~  5pm  with  long  life¬ 
times  close  to  the  calculated  radiative  decay  time  (r  ^  100  ms).  These  systems  allow  us  to 
study  the  mechanism  of  migration,  trapping,  up-conversion  and  relaxation  of  photo- 
excited  vibrational  energy  by  observing  VL  spectra  from  various  slightly  anharmonicity- 
shifted  v-levels  and  time-dependence  of  each  VL  component.  Studies  of  this  type  have 
been  carried  out  extensively  by  Dierolf  and  Liity^  using  e-v  energy  transfer  from  photo- 
excited  F-centers  as  an  indirect  pumping  source  for  CN^  v-level  excitation,  and  by  Dubost 
and  Chameau^’^  and  Manz  et  al^^^  on  CO  molecules  diluted  in  solid  rare  gas  matrices.  In 
the  present  study  we  have  performed  direct  excitation  of  the  fundamental  v(O-^l)  CN” 
transition  and  pursued  spectral  and  time-dependence  VL  measurements  from  the  v-levels 
of  various  CN”  isotopes  in  Rb-halide-cyanide  crystals. 


2  EXPERIMENTAL 

The  crystal  sample  was  mounted  on  a  copper  holder  in  a  closed  cycle  cryostat  and  cooled 
down  to  14  K.  Strong  excitation  was  made  with  SHG  pulse  light  (200  kW  in  peak  power, 
40  ns  duration,  1  Hz  repetition)  of  a  C02''laser  from  a  combination  of  the  laser,  a  Te  crystal 
for  frequency-doubling,  a  LiF  crystal  absorbing  the  fundamental  laser  light  and  a  focusing 
CaF2  lens.  Selective  excitation  was  accomplished  by  tuning  the  laser  wave-length  to  the 
fundamental  v(0— ^1)  transition.  VL  was  detected  in  the  direction  perpendicular  to  the 
exciting  laser  beam  with  two  CaF2  lenses,  a  band-pass  filter,  a  monochromator  (Aries 


t  On  leave  from  Fukui  University,  Fukui910,  Japan. 
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FF250)  and  an  InSb  detector.  VL-signals  were  fed  into  a  personal  computer  through  a 
lock-in  amplifier  for  spectral  measurements  or  a  digital  storage  oscilloscope  to  obtain  the 
time-dependence. 

RESULTS  AND  DISCUSSION 

An  example  of  VL  spectra  is  shown  in  Figure  1  for  RbI:CN“(x=l  x  10“^;  concentration  of 
CN"  in  mole  fraction),  excited  at  the,  v(O^l)  absorption  band  (2063  cm“^).  Both  first  (1st, 
V  =  1)  and  second  (2nd,  v  =  2)  harmonic  spectra  were  measured  and  are  drawn  so  that 
their  peak  positions  coincide  with  each  other  for  transitions  from  the  same  initial  v-level.  It 
should  be  noted  that  the  sensitivity  of  the  InSb  detector  drops  rather  abruptly  below  1850 
cm“^  in  the  1st  harmonic  spectrum,  and  that  the  spectral  band-pass  of  the  2nd  harmonic  (4 
cm“^)  spectrum  had  to  be  much  wider  than  that  of  the  1st  harmonic  (1  cm~^)  spectrum.  In 
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FIGURE  1  First  (v  =  1)  and  second  (v  =  2)  vibrational  luminescence  (VL)  spectra  of  RbI:CN“  (x=l  xl0“^) 
obtained  at  14  K  under  selective  excitation  into  the  v(0— >1)  absoiption  band  at  2063  cm“'  of  with  SHG 

pulse  light  from  a  CO2  laser.  In  the  middle  part  are  give  VL-band  energy  positions  for  three  isotope  systems  which 
are  estimated  by  using  absorption  data,  where  the  number  indicates  the  initial  v-level  for  each  VL-transition.  The 
1st  spectrum  is  limited  above  1800  cm"^  owing  to  the  InSb  detector  sensitivity.  The  spectral  band-pass  was  set  at 
1  cm"^  for  the  1st  harmonic  and  at  4  cm"’  for  the  2nd  harmonic  spectrum. 
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RbBr:CN-  IxlO'^  VL  TIME-DEPENDENCE  14K  Exci.  2071cm-^ 


FIGURE  2  Time-dependence  of  vibrational  luminescence  (VL)  of  in  RbBr:CN“  (x=l  x  10“^)  observed  at 

14  K  under  selective  excitation  into  the  v(O-^l)  absorption  band  at  2071  cm‘^  of  with  SHG  pulse  light  of 

40  ns  duration  from  a  CO2  laser.  The  energy  of  the  abserved  VL  is  indicated  in  the  figure  together  with  the 
corresponding  v-transition  as  v(n— >n  -  1).  Initial  quick  rise  of  each  curve  corresponds  to  the  incidence  of  the 
exciting  lase  pulse,  which  is  located  at  the  position  of  20  ms  on  the  abscissa  in  the  figure.  The  complicated 
behavior  in  time-dependence  is  produced  by  a  variety  of  related  processes  changing  the  population  of  each  v-level 
through  trapping,  migration,  up-conversion  and  radiative  decay  of  v-energy. 


the  middle  of  the  figure  is  given  each  VL-band  position  calculated  for  the  three  isotope 
systems  by  using  the  absorption  data.  Correspondence  of  the  spectral  peak  positions  with 
the  calculated  ones  is  excellent  except  for  the  unresolved  peaks  in  the  2nd 

harmonic  spectrum.  Since  total  v-relaxation  is  finished  within  repetition  time  of  the 
exciting  laser  (1  s),  the  observed  spectrum  reflects  the  time-integrated  population  for  each 
v-level.  It  is  obvious  in  the  figure  that  up-conversion  of  the  v-level  population  is  achieved 
up  to  v=13  for  the  abundant  and  v=12  for  (see  2nd  harmonic)  and  that 

trapping  and  v-v  energy  transfer  in  the  dilute  isotope  systems,  (1.1%)  and 

(0.36%),  occur  with  fairly  high  efficiency  (see  1st  harmonic). 

Figure  2  represents  a  typical  time-dependence  result  of  VL.  The  curves  in  the  figure 
were  observed  at  14  K  for  each  v-transition  v(n— >>n  -1)  of  in  RbBr:CN"  (x=l  x  10“ 

^)  under  excitation  in  the  fundamental  v(0-->l)  absorption  band  of  the  abundant 
Initial  quick  rise  of  each  curve  corresponds  to  the  incident  time  of  an  exciting  laser  pulse 
located  at  the  20  ms  position  on  the  abscissa  in  the  figure.  The  response-time  of  the 
detector  was  set  below  0.1  ms.  In  the  case  of  VL  bands  between  lower  v-levels,  e.g. 
v(l— >0)  and  v(2-”^l),  the  quick  rise  of  r^i  <  0.5  ms  just  after  the  laser  shot  is  followed  by  a 
decay  in  two  stages,  a  fast  (r^i  ~  10  ms)  and  slow  (r^  ~  100  ms)  one.  VL  bands  between 
middle  v-levels,  i.e.  v(3— ^2),  v(4^3)  and  v(6— ^5),  show  another  rise  (r^2  20  ms)  and 

rather  slow  decay  (r^  =  60  ~  40  ms).  Upper  VL  band,  v(9^8),  has  comparatively  slow 
initial  rise  {Tri  ~  3  ms)  and  rather  fast  decay  (r^  ~  20  ms).  The  initial  rise  time  Tr\ 
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represents  the  time  constant  to  populate  each  v-level  through  the  v-energy  trapping  process 
of  ^^C^'^N(v=l)  from  ^^C^'^N(v=l)  and  through  the  energy  up-conversion  process  from 
lower  to  higher  v-levels.  The  observed  decay  times  r^x  and  are  produced  by  escape  of 
v-energy  from  lower  levels  by  up-conversion  and  radiative  decay,  respectively.  The 
radiative  decay  time  should  become  shorter  for  upper  v-levels.  The  rise  time  Tr2  is  related 
to  the  re-population  of  lower  v-levels  arising  from  radiative  decay  of  upper  v-levels.  The 
value  of  Tr2  roughly  coincides  with  that  of  of  the  v(9— >8)  transition. 

The  resonance  energy  transfer  process  due  to  dipole-dipole  interaction  is  applicable  to 
the  energy  migration  among  CN“  molecules  of  common  isotopes.  As  for  ^e  energy 
trapping  and  up-conversion,  it  is  necessary  to  take  account  of  phonon-assisted  resonant 
transfer  processes  because  of  the  v-energy  difference  of  the  rare  isotopes  from  the 
abundant  (~43  cm^'  for  and  ~32  for  and  of  the 

anharmonicity-shift  of  about  25  cm“^  between  adjacent  v-transition  energy  in  the  same 
molecule.  At  low  temperature,  the  phonon-emission  process  dominates  advancing  the 
trapping  and  up-conversion  processes.  For  elevated  temperature,  the  phonon-absorption 
process  would  cause  de-trapping  and  downward  conversion  which  act  against  the  expected 
energy  up-conversion.  In  fact,  it  was  confirmed  experimentally  that  the  VL  from  the  upper 
v-levels  disappeared  above  40  K  and  only  v(l^O)  VL  of  was  observed. 

The  final  goal  of  this  study  is  two-fold:  (a)  to  work  out  a  comprehensive  kinetics  in 
order  to  describe  the  time-dependence  of  VL  as  a  function  of  x,  excitation  density,  host 
variation  and  temperature,  and  (b)  to  test  possibilities  for  v-e  transfer  of  the  up-converted 
v-energy  into  electronic  defect  transitions  by  observing  the  electronic  luminescence.  Its 
success  would  mean  energy  conversion  form  the  infrared  to  visible  or  ultraviolet  region. 

This  work  is  supported  by  NSF  grant  DMR  92-23230  and  ONR  grant  N-000 14-296- 
0140. 
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Some  TL  glow  peaks  appear  in  corundum  crystals  subjected  to  ionizing  irradiation.  The  highest  temperature  TL 
peak  at  about  600  K,  is  due  to  chromium  impurity.  The  non-chromium  TL  peaks  are  suppressed  at  an  increase  of 
chromium  concentration.  They  disappear  completely  at  a  sufficiently  low  chromium  concentration  because  of  an 
anomalous  big  capture  cross-section  of  charge  carriers  by  chromium  ions.  The  free  charge  carriers  capture  radius 
was  estimated  from  dependence  of  TL  intensity  of  non-chromium  TL  glow-peaks  on  the  chromium  concentration. 
It  was  equal  to  4.2  nm. 

Key  words:  thermoluminescence,  gigantic  ions,  corundum,  ruby. 


1  INTRODUCTION 

Prof.  Vikhnin^  as  a  result  of  experiments  on  photoconductivity  of  ruby  crystals  has 
proposed  the  existence  of  chromium  ion’s  state  with  a  big  radius  (BRS). 

Our  results  of  X-ray  luminescence,  thermoluminescence  (TL),  optical  absorption  of 
corundum  crystals  contained  impurity  of  chromium  and  also  an  analyses  of  literature 
data^’^  have  verified  this  assumption  with  a  large  degree  of  probability. 

The  aim  of  the  present  work  is  the  determination  of  the  size  of  this  very  unusual  state. 
We  have  used  the  dependence  of  TL  intensity  on  chromium  concentration  in  corundum 
crystals  for  this  purpose. 

In  nominally  pure  sapphire  crystals  from  4  to  7  TL  peaks,  dependent  on  the  crystal’s 
quality,  are  observed  during  heating  from  300  to  700  K  after  irradiation  at  room 
temperature."^  The  Vemeuil’s  crystals  are  characterized  with  the  most  intensive  TL 
response.  The  ruby  crystals,  as  usual,  are  grown  by  Vemeuil’s  technique,  so  they  could 
have  the  rich  TL  spectra.  However,  sometimes  we  observe  the  contrary  picture.  The  TL 
glow  curve  of  corundum  crystal  with  chromium  concentration  around  10"^  weight  %  is 
shown  in  Figure  1.  The  high-temperature  peak  at  approximately  630  K  is  due  to  chromium 
impurity.  The  increase  of  chromium  concentration  suppresses  the  intensity  of  other  non¬ 
chromium  TL  peaks  and  in  the  laser’s  crystals  at  a  chromium  concentration  of  the  order  of 
10”^  weight  %  they  disappear  completely  and  only  one  chromium  peak  remains  on  the  TL 
glow  curve  (Figure  1). 

The  idea  of  the  present  work  is  the  following.  We  have  investigated  the  TL  intensity  of 
non-chromium  peaks  on  chromium  concentration.  The  TL  intensity  in  our  case  is  the  area 
under  TL  glow  curve.  At  a  certain  chromium  concentration  the  intensity  of  non-chromium 
TL  peaks  is  equal  to  zero,  i.e.,  the  chromium  ions  at  such  a  concentration  permeate  the 
complete  volume  of  crystal  and  capture  all  free  charge  carriers  arising  under  irradiation. 
From  the  value  of  this  limit  concentration  we  can  determine  the  capture  radius  of 
chromium  ions  for  the  free  charge  carriers. 
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FIGURE  1  TL  glow  curves  for  corundum  crystals  with  0.001  weight  %  Cr  (1)  and  with  0.034  weight  %  Cr 
subjected  1  min  irradiation  in  electron  accelerator. 


2  EXPERIMENTAL  PROCEDURE 

The  crystals  have  been  irradiated  in  linear  electron  accelerator  by  the  same  fluency 
5-10^^  cm“^,  that  corresponds  to  a  dose  of  about  10“^  Gy. 

Thermoluminescence  was  detected  by  FEU- 130  (S-5  response).  A  linear  heating  rate  of 
1  K/s  was  used  over  the  entire  temperature  range  300-700  K.  The  weight  of  specimen  did 
not  exceed  20  mg. 

We  needed  for  our  purpose  a  set  of  crystals  with  different  chromium  concentrations  and 
especially  with  sufficiently  low  concentrations.  We  had  two  crystals  with  good  detectable 
absorption  in  the  U  band  (2.65  eV)  of  Cr^"^  ions  at  a  thickness  of  10  mm.  We  used  for 
concentration  determination  the  formula  from  ref.^: 

C  =  a  (1)555  —  D7oo)100%/c?, 

where  a  =  2.9-10^  cm“^  D555,  2)700 — are  the  optical  densities  at  555  and  700  nm, 
correspondingly,  and  d  is  the  crystal’s  thickness.  The  concentrations  were  equal  to 
2.1*10“^  and  2.9-10”^  weight  %.  The  other  two  crystals  had  good  detectable  chromium 
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TL  peaks  and  weak  optical  absorption.  We  used  the  TL  method  for  determination  of 
chromium  concentration  in  the  latter  crystals.  It  is  known,  that  at  small  impurity 
concentration,  the  intensity  of  the  proper  TL  peak  is  proportional  to  the  impurity 
concentration.  On  the  basis  of  two  measured  crystals  we  have  made  a  graduation  curve, 
and  knowing  the  TL  intensities  for  other  two  crystals,  we  find  the  chromium  concentration 
in  that.  They  were  equal  to  1.5*10”^  and  5.0- 10"^  weight  %. 

Optical  absorption  spectra  were  taken  with  a  ‘Specord  M40’  spectrophotometer. 


3  DISCUSSION  AND  RESULT 

TL  intensity  (area  under  the  TL  glow  curve)  depends  on  many  factors:  defect’s 
concentration,  dose,  mass  of  specimen,  PMT  sensitivity,  etc.  As  is  known,  all  TL  peaks  are 
usually  saturated  at  dose  10^  Gy.^’^  That  is  why  we  irradiated  all  samples  with  a  larger 
dose  10"^  Gy  in  order  to  exclude  its  influence  on  discussed  results. 

Conditions  of  all  experiments  were  absolutely  identical,  and  only  the  mass  of  specimens 
and  contents  of  chromium  were  changed.  Therefore,  for  the  TL  intensity  S  we  can  write 

S  —  km  =  kpV, 

where  k  is  the  constant,  m  is  the  mass  of  specimen,  p  is  the  density  of  corundum,  V  is  the 
specimen  volume.  For  TL  intensity  without  chromium  peak  Si,  i.e.  area  under  TL  glow 
curve  in  region  from  300  to  580  K,  as  is  shown  in  Figure  1,  we  can  write 

Si  =  kpC,{V~  Vch)  =  kpVCdil  -  Vch/V), 

where  Vch  is  the  volume  overlapped  by  chromium  ions.  is  the  concentration  of  other 
defects  except  chromium  impurity.  We  do  not  know  this  concentration  that  is  why  we 
assume  that  it  is  equal  for  all  samples.  It  is  not  a  very  rough  approximation  because  all 
samples  were  the  same  origin. 

Si/pV  =  Si/m  =  So. 

where  Sq  is  the  TL  intensity  reduced  to  1  mg,  which  excludes  the  influence  of  the 
specimen  mass  on  the  results.  Transform  the  expression  in  the  brackets 

Vch/V  =  Nch/NRl/R^  =  CRl/R^ 

where  Nch  is  the  number  of  chromium  ions  and  N  is  total  number  of  ions  in  given  volume, 
Rhr  is  the  radius  of  BRS  of  chromium  ions,  R  is  the  middle  radius  of  ions  in  corundum 
lattice,  C  is  chromium  concentration  in  ppm.  Therefore: 

So  =  k  Cd{l  -  CRl/R^). 

Extrapolation  of  dependence  So  =  f(C)  to  abscissa,  shown  in  Figure  2  gives  us  the  value 
of  chromium  concentration  Co  at  which  all  volume  will  be  overlapped  by  spheres  of 
influence  of  chromium  ions,  so 


k  Cd{l  -  CoR-l/R^)  =  0, 

and  for  the  radius  of  BRS  of  chromium  ion  we  obtain 

Rbr  =  R/Cl'\ 
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CHROMIUM  CONCENTRATION  (ppm) 


FIGURE  2  Intensity  of  non-chromium  TL  glow  peaks  versus  chromium  concentration. 


The  straight  line  in  Figure  2  testifies  that  our  assumption  about  the  concentration  of  was 
valid. 

As  is  seen  from  Figure  2  Q  -  14  ppm,  so  R^r  =  42  R.  Since  the  middle  radius  of  ions  in 
corundum  lattice  equals  to  0.1  nm  for  radius  of  BRS  we  obtain  4.2  nm. 
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OFF-CENTRE  EFFECTS  IN  THE  TRIPLET  RELAXED 
EXCITED  STATE  OF  IMPURITY  ns^  IONS 
IN  ALKALI  HALIDES 

V.  HIZHNYAKOV,  K.  KALDER,  V.  KORROVITS,  V.  NAGIRNYI, 

A.  STOLOVICH,  and  S.  ZAZUBOVICH 

Institute  of  Physics^  Estonian  Academy  of  Sciences,  Riia  142,  EE2400  Tartu,  Estonia 

An  off-centre  displacement  of  an  excited  ns^  ion  from  a  crystal  lattice  site  is  studied  for  Ga"^,  In"^  and  Tl"^  centres  in 
alkali  halides  at  0.09-5  K  by  the  time-resolved  polarization  spectroscopy  method.  A  theory  is  developed,  which 
considers  the  off-centre  effects  as  a  result  of  the  mixing  of  the  impurity  ^nsnp  and  ^npnp  excited  states  by  Tju 
vibrations. 

Key  words:  off-centre  impurity,  tunnelling,  luminescence,  decay  kinetics,  ‘Off-centre  effects  for  an  excited  ns^ 
ion’. 


Some  years  ago  the  manifestations  of  the  off-centre  position  of  an  excited  impurity  ion 
were  discovered  by  us  in  the  low-temperature  decay  kinetics  of  the  triplet  emission  of  ns^- 
ion-doped  alkali  halides.^’^  This  effect  has  now  been  studied  in  detail  at  0.09-5  K  by  the 
method  of  time-resolved  polarization  spectroscopy  and  with  the  use  of  magnetic  and 
electric  fields  for  tetragonal  (T)  and  trigonal  (X)  Jahn-Teller  minima  of  triplet  ^nsnp 
relaxed  excited  state  (RES)  of  Ga"^,  In’*"  and  TV"  centres  in  various  f.c.c.  and  b.c.c.  crystals 
(Table  I).  It  has  been  shown  that  in  T  minima  the  off-centre  displacement  of  Ga"^  and  In"^ 
ions  exists  in  all  the  crystals  studied,  and  in  each  minimum  it  occurs  in  the  direction 
normal  to  the  Jahn-Teller  distortion  axis.^”^  In  X  minima  this  effect  was  observed  for  Ga"*" 
and  In^  centres  in  b.cx.  crystals,  where  X  minima  are  of  a  higher  energy  than  T  ones,^  but 
it  was  not  found  for  the  most  of  f.c.c.  crystals,  where  X  minima  are  the  lowest  ones.  The 
only  f.c.c.  crystal,  where  the  off-centre  effects  were  observed  in  both  T  and  X  minima,  is 
KBr:In,  where  their  depths  are  nearly  equal.  No  off-centre  effects  were  found  for  Tl"^  ion, 
where  the  separation  of  impurity  states  is  relatively  large. 

These  results  are  explained  in  terms  of  the  theory  considering  the  off-centre  effects  as  a 
result  of  the  mixing  of  the  impurity  ^nsnp  and  ^npnp  excited  states  by  odd  Tiu  vibrations 
(pseudo  Jahn-Teller  effect).^  According  to  this  theory,  the  off-centre  distortion  takes  place 
if  2/3  /ke  >  1 ,  where  (3  is  the  vibronic  mixing  constant,  e  is  the  energy  difference  between 
the  mixing  states  and  k  is  the  elastic  constant;  the  displacement  of  ns^  ion  in  tetragonal 
(or  trigonal)  minimum  occurs  in  one  of  the  four  (or  three)  directions  normal  to  the 
tetragonal  (or  trigonal)  Jahn-Teller  distortion  axis  of  the  centre. 

Let  us  consider  this  theory  in  more  detail. 

As  in  the  nsnp  RES  spin-orbit  interaction  is  strongly  reduced  due  to  the  strong  Jahn- 
Teller  effect,  the  triplet  ^nsnp  states  can  be  vibronically  mixed  only  with  other  triplet 
states.  The  most  important  in  this  respect  are  the  nearest  one-electron  ^ns(n-Hl)s  and  ^nsnd 
states  and  two-electron  ^npnp  states.  For  example,  the  ^nsnp^  states  (z  is  the  direction  of 
tetragonal  distortion  axis)  can  be  vibronically  mixed  with  ^ns(n-i-l)s  state  by  Z-odd 
vibrations  of  Ti^  representation  (the  corresponding  vibrational  coordinate  is  Q^).  This 
mixing  can  cause  an  additional  distortion  along  z  axis,  which  contradicts  to  experimental 
data.  The  ^nsnp^  state  can  be  mixed  with  the  ^nsndz2,  ^nsnd^x  and  ^nsndzy  states  as  well. 
The  largest  mixing  is  with  the  ^nsnd22  state,  as  it  is  energetically  the  nearest  one.  This 
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TABLE  I 

Decay  times  (tsc,  tsc)  and  light  sums  (Ssc,  Ssc,)  of  two  slow  decay  components  (SC  and  SC')  of  the  triplet  At 
and  Ax  emission  caused  by  the  off-centre  position  of  an  excited  ns^  ion. 


Crystal 

Emission 

Tscsms 

'T'SC/'T'SC' 

Ssc'^Ssc 

NaCliGa 

At 

3.0 

1.4 

2.14 

0.8 

KCl:Ga 

At 

3.6 

1.6 

2.25 

0.9 

RbCl:Ga 

At 

4.8 

1.75 

2.74 

0.8 

KBnGa 

1.6 

0.7 

2.30 

0.8 

CsBrtGa 

At 

1.2 

0.5 

2.40 

-1.0 

Ax 

2.4 

0.22 

11 

-1.0 

KI:Ga 

At 

1.07 

- 

- 

NaCl:In 

At 

1.10 

0.81 

1.36 

0.75 

KCl:In 

At 

1.79 

1.00 

1.80 

0.90 

RbCl:In 

At 

2.20 

1.10 

2.10 

1.15 

KBnIn 

At 

1.60 

0.70 

2.30 

2.50 

Ax 

~2.5 

-1.2 

-2.1 

-1.3 

RbBr:In 

At 

1.55 

0.65 

2.40 

1.70 

CsBnIn 

At 

1.40 

0.56 

2.50 

2.20 

Ax 

1.20 

0.50 

2.40 

0.75 

KI:In 

At 

0.95 

0.35 

2.70 

2.70 

RbI:In 

KC1:T1  ) 

RbCIrTl 

CsCITl 

CsBnTl 

CsI:Tl 

At  1.00  0.37 

>  no  off-centre  effects  are  observed 

2.70 

2.32 

mixing  is  also  caused  by  Z-odd  Tiu  vibrations  and  may  also  result  in  an  additional 
distortion  along  z  axis.  Consequently,  vibronic  mixing  of  one-electron  ^nsnp  states  with 
other  one-electron  excited  states  cannot  cause  the  odd  distortion  in  the  direction  normal  to 
the  Jahn-Teller  distortion  axis.  The  same  conclusion  holds  also  for  trigonal  minima  of 
^nsnp  states;  in  the  last  case  one  should  choose  the  reference  frame  with  z  axis  directed 
along  an  (111)  axis  of  the  crystal. 

On  the  contrary,  vibronic  mixing  of  one-electron  ^nsnp  states  with  two-electron  ^npnp 
excited  states  can  lead  to  the  distortion  perpendicular  to  the  Jahn-Teller  distortion  axis  of 
the  ^nsnp  state.  Indeed,  the  considered  two-electron  excited  states  can  be  obtained  by 
excitation  of  the  second  ns  electron  to  np  state,  its  spin  orientation  being  conversed.  There 
are  three  orbital  states  of  this  type:  ^npxupy,  ^np^np^  and  ^npynp^  (the  triple  states  ^(npx)^, 
^(npy)^  and  ^(np^)^  are  forbidden  by  Ae  Pauli  principle).  The  ^nsnp^  states  can  be  mixed 
with  the  ^npxnpz  and  ^npynp^  states  by  X-odd  and  Y-odd  Tiu  vibrations  (the  corresponding 
vibrational  coordinates  are  Qx  and  Qy).  This  mixing  can  cause  an  off-centre  distortion  only 
in  the  direction  perpendicular  to  z  axis,  in  agreement  with  experiment.  This  conclusion 
holds  both  for  tetragonal  and  trigonal  minima  of  the  ^nsnp  state. 

Let  us  consider  the  conditions  for  off-centre  distortion.  First  let  us  regard  the  tetragonal 
minima  of  the  ^nsnp^  states.  The  jVPES  of  the  mixed  states  in  the  space  of  the  Qx  and  Qy 
configurational  coordinates  are  determined  by  the  eigenvalues  of  the  vibronic  matrix 
U  =  UqI  -h  y,  where  Uq  =  k(Qx^  +  Qy^)/2  is  the  harmonic  potential  of  the  Qx  and  Qy 
vibrations,  I  is  the  3  x  3  unit  matrix, 
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/  0  /3Q,  pQy\ 

V  =  /?Qx  £  0  (1) 

V/3Qy  0  e  J 

is  the  matrix  of  vibronic  mixing  in  linear  (with  respect  to  Qx  and  Qy)  approximation,  e  is 
the  energy  difference  between  the  minimum  of  the  ^nsnpz  state  and  ^e  APES  of  the 
^npx,ynpz  states  for  Qx  =  Qy  —  0  and  for  other  nuclear  coordinates  corresponding  to  their 
values  in  the  ^nsnpz  RES.  The  diagonalization  of  the  matrix  V  gives  the  following 
eigenvalues:  =  ejl  =F  V2  =  e,  where  +  Qy.  The  APES 

sheet  f/i  =  kQ^/2Vi  =  kQV2  +  £:/2-(e^/4  + has  the  deepest  minimum.  If 
0^/k  >  Is  1/2,  the  minimum  is  at  Q  =  Qo  =  7^  0,  i.e.  the  odd 

distortion  normal  to  z  axis  takes  place.  This  conclusion  holds  not  only  for  tetragonal  but 
also  for  trigonal  minima. 

In  the  considered  approximation  the  APES  is  symmetrical  with  respect  to  rotations  to 
an  arbitral  angle  0  =  arccos(2x/G)  around  z  axis.  However,  the  account  of  higher- 
order  terms  in  vibronic  coupling  and  anharmonicity  removes  this  orientational 
degeneracy  of  the  APES.  This  removal  is  different  for  tetragonal  and  trigonal  RES. 
In  tetragonal  ^nsnp  RES  it  comes  from  quadratic  anharmonic  potential  terms 
A(Qx  +  Qy  +  Qz)  +  B(QxQy  +  QxQz  +  QyQz)  third-roder  vibronic 

terms;  cubic  anharmonic  terms  are  absent  in  the  centres  with  inversion  symmetry).  For 
examp^,  the  APES  of  the  tetragonal  ^nsnpz  RES  transforms  into  C/i  -|-  (2^(A  H-  B  sin^  20), 
where  B  =  B/2  —  A  (Qz  =  0),  and  z  axis  becomes  the  fourth-order  symmetry  axis  of  the 
considered  APES  sheet.  In  trigonal  ^nsnp  RES  the  anharmonic  terms  mentioned  do  not 
remove  the  orientational  degeneracy,  but  the  second  order  terms  in  vibronic  matrix  do. 
Indeed,  with  the  account  of  these  terms,  the  vibronic  matrix  for  the  (111)  trigonal 
minimum  has  the  form  (1),  where  Qx  is  replaced  by  Qx'  +7(Qy/  —  Qx')  and  Qy  ^ 
Qy.  +  ZQx'Qy.  (here  and  below  Qx-  =  (Qx  -  Qy)/\^,  Qy-  =  (Qx  +  Qy  -  2Qx)/%/6, 
Qz'  ~  (Qx  “h  Qy  "h  Qz)/ Q  ^  ~  Qx'  “h  Qy-t  0  =  arccos(Qx'/Q'),  7/3  is  the  constant 
of  quadratic  interaction).  This  leads  to  the  replacement  of  Q^  by  Q'^(l  —  270 cos 30')- 
Consequently,  the  (111)  axis  of  the  crystal  becomes  the  third-order  symmetry  axis  of  the 
trigonal  ^nsnp  RES,  and  the  APES  sheet  obtains  three  minima. 

The  important  parameters  of  the  considered  vibronic  mixing  are  /3  and  e.  The  value  of  e 
can  be  found  from  the  corresponding  excited-state  absorption  spectrum  (e.g.,  for  KI:In  e  is 
about  2.9  to  2.6  eV,  see^).  The  value  of  /3  is  not  yet  known.  The  existence  of  an  off-centre 
distortion  means  that  y0^/k  >  ejl  1. 3-1.5  eV.  Consequently,  |/3|  is  of  the  order  of  the 
corresponding  vibronic  parameters  for  even  vibrational  modes. 

The  wave  functions  of  the  two-electron  ^npnp  excited  states  are  strongly  localized;  their 
localization  is  noticeably  stronger  than  that  of  the  one-electron  ^ns(n+l)s  and  ^nsnd  excited 
states.  As  the  wave  functions  of  ^nsnp  states  are  also  strongly  localized,  the  vibronic 
mixing  parameter  |^|  should  exceed  analogous  vibronic  mixing  parameters  of  ^nsnp  and 
^ns(n+l)s,  ^nsnd  states.  The  energy  difference  between  ^nsnp  and  ^ns(n+l)s  and  ^nsnd 
states  is  also  larger  than  the  difference  e  between  ^nsnp  and  ^npnp  states.  This  explains 
why  the  vibronic  mixing  of  the  ^nsnp  state  with  two-electron  triplet  ^npnp  states  is  the 
strongest  one  in  the  centres  studied.  The  existence  of  two-electron  ^npnp  states  has  been 
proved  in  the  experiments  on  optical  dichroism  of  excited  state  absorption.^ 
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ANHARMONICITY  EFFECTS  AND  PHONON 
COUPLING  OF  OH  DIVALENT  IMPURITY 
COMPLEXES  IN  ALKALI  HALIDES 
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and  A.  GAINOTTI* 

"^Department  of  Physics — University  of  Parma — Viale  delle  Scienze,  43100  Parma — Italy; 
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High  resolution  (0.04  cm“^)  FTIR  absorption  measurements  were  performed  in  the  range  9-300  K  to  study  the 
vibrational  modes  of  OH  in  NaCl:Cd'*^+  and  NaCl:Ca++.  The  narrow  lines  (down  to  ~  0.05  cm"^  at  9  K)  in  the 
range  3550-3600  cm“^  were  attributed  to  stretching  of  OH  embedded  in  Me++ -complexes  on  the  basis  of 
isotopic  substitutions,  thermal  treatments,  and  different  Me++  contents.  The  spectra  (fundamentals,  overtones,  and 
isotopic  replicas)  were  analyzed  in  the  framework  of  the  Morse  anharmonic  oscillator  model,  whose  parameters 
were  evaluated  and  compared  to  those  of  similar  systems.  The  temperature  dependence  of  the  line  position  and 
width,  described  by  a  single  phonon  coupling  model,  made  it  possible  to  determine  the  frequencies  of  the  coupled 
phonons. 

Key  words:  OH  stretching,  FTIR  spectroscopy,  alkali  halides,  impurities,  anharmonicity. 


1  INTRODUCTION 

OH  ions  strongly  interact  with  divalent  cation  impurities  (Me"^'^)  in  alkali  halides,  giving 
rise  to  a  variety  of  complexes,  which  heavily  affect  their  electrical,  optical,  and  thermal 
properties.  The  OH  stretching  frequency  is  very  sensitive  to  small  changes  of  the 
symmetry  of  Me"^"^ -complex  in  which  OH  is  embedded,  as  shown  by  the  large  number  of 
optical  absorption  lines  detected  in  the  range  3500  — 3700  cm“^  in  Mg-doped  LiF  and 
NaF.^  In  such  systems  the  lines  are  already  very  narrow  at  room  temperature:  this  fact 
suggests  a  weak  coupling  of  the  OH-stretching  mode  to  the  lattice.  On  the  contrary  in  other 
systems,  as  NaChCa,  Cd,  they  are  broad.  Therefore  high  resolution  (0.04  cm“^)  FTIR 
absorption  spectroscopy  measurements  have  been  performed  in  the  range  9-300  K  to 
study  the  vibrational  modes  of  OH  in  NaChCd^"^  and  NaCliCa'^'^.  The  aim  of  the  work 
was  1)  to  get  an  insight  on  the  nature  of  the  complexes  in  which  OH  is  embedded,  2)  to 
detect  possible  anharmonic  effects  in  the  framework  of  the  Morse  model  for  the  OH 
oscillator,  3)  to  compare  the  Morse  parameters  to  those  obtained  for  similar  systems,  and 
4)  to  analyze  the  phonon  coupling  of  the  OH  stretching  modes. 


2  EXPERIMENTAL  DETAILS 

NaCl  single  crystals  were  grown  by  means  of  the  Kyropoulos  method  in  N2  atmosphere. 
The  doping  with  Cd  or  Ca  was  obtained  by  adding  to  the  melt  CdC^  or  CaCU  molar 
fractions  in  the  range  10^-10"^  ppm.  Dry  N2  flowing  in  H2O  and/or  D2O  was  let  in  the 
growth  apparatus,  in  order  to  produce  the  co-doping  with  OH  and/or  OD.  The  optical 
absorption  measurements  were  performed  by  means  of  1)  a  FTIR  Bomem  DAS 
spectrometer  in  the  range  600—7500  cm“^  wi^  a  resolution  as  good  as  0.04  cm”*  and 
2)  a  Varian  2390  spectrophotometer  in  the  range  9000-10"*  cm”*  with  low  resolution. 
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FIGURE  1  High  resolution  (0.04  cm“^)  optical  absorption  spectra  in  the  OH“  stretching  region  of  NaChCd, 
OH  samples,  (a)  NaChCd  (10"^  ppm):  spectrum  measured  at  300  K  (thickness  x  =  18  mm);  (b)  same  sample  as 
above:  spectrum  measured  at  9  K;  (c)  nominally  pure  NaCl  sample:  spectrum  measured  at  9  K  (x  =  28  mm). 


The  spectra  were  measured  in  the  range  9-300  K  by  using  a  21SC  model  Cryodine 
Cryocooler  of  CTI-Cryogenics. 


3  RESULTS  AND  DISCUSSION 

Figure  1  shows  the  absorption  spectra  of  NaChCd,  OH  in  the  3550-3600  cm”^  range,  i.e. 
in  the  region  typical  for  the  OH”  stretching  mode:  curve  a  displays  the  broad  spectrum 
measured  at  300  K,  while  curve  b  gives  that  taken  at  9  K,  At  low  T  the  lines  are  very 
narrow  0.06  cm”^)  as  ,  or  even  more  than  those  detected  in  LiF  and  NaF:Mg.^  Similar 
spectra  have  been  obtained  for  NaChCa,  OH,  OD,  see  Figure  2,  curve  a.  The  presence  of 
OD  induces  a  nice  replica  of  such  a  spectrum  at  shorter  wavenumbers,  see  Figure  2,  curve 
b.  An  additional  isotopic  effect  is  displayed  by  Figure  lb,  where  the  weak  line  at  3557.6 
cm"*  is  the  replica  of  the  strong  line  at  3568.9  cm"*  and  is  due  to  *^0,  present  in  natural 
abundance  of  2  x  10“^,  as  in  the  case  of  NaF  and  LiF:  Mg^  and  of  sillenites.^  These 
results  support  the  hypothesis  that  the  lines  observed  are  due  to  hydroxyl  ions.  The  lines  of 
Figures  1  and  2  appear  only  if  NaChOH  is  co-doped  with  Cd  (or  Ca).  Moreover  by 
changing  the  Me++  concentration  in  the  melt,  the  relative  weight  of  the  lines  in  the  spectra 
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FIGURE  2  High  resolution  (0.04  cm“' )  optical  absorption  spectra  of  NaCl:Ca  (100  ppm),  OH,  OD  measured  at 
9  K  (x  =  10.5  mm),  (a)  region  of  OH“  stretching;  (b)  isotopic  replica  in  the  region  of  OD“  stretching. 


changes,  confirming  that  they  are  due  to  the  OH“  interaction  with  Me++ -related  defects. 
Hints  on  the  nature  of  defects  can  be  obtained  by  submitting  the  samples  to  proper  thermal 
treatments.  In  fact,  a  quenching  from  700°C  of  a  thin  NaChCd  sample  induces  an  increase 
of  the  line  at  3581  cm“*  and  a  decrease  of  the  other  lines,  suggesting  that  the  first  might  be 
related  to  OH“  interacting  with  a  simple  Cd  defect,  as  the  I.  V.  dipole,  while  the  other  lines 
should  be  due  to  OH“  in  more  complex  Cd-defects,  as  clusters  and/or  aggregates.  This 
hypothesis  is  supported  by  a  weak  3581  cm“'  line  in  a  nominally  pure  NaCl,  where  traces 
of  Cd  can  be  present  only  as  the  simplest  defects,  see  Figure  1,  curve  c. 

At  wavenumbers  which  are  twice  (within  2%)  those  of  the  lines  displayed  in  Figures  1 
and  2  weak  lines  have  been  detected,  which  can  be  regarded  as  due  to  overtone  transitions 
(An  =  2,n  being  the  vibrational  quantum  number),  see  Figure  3  (insert  at  the  top  left).  A 
very  weak  band  was  monitored  at  \10,192  cm“'  (T  =  9  K)  in  a  very  thick  NaChCd  sample, 
which  corresponds  to  An  =  3  (the  fundamental  being  at  3568.9  cm"*),  see  Figure  3  (insert 
at  the  bottom  right).  Lines  due  to  bending  modes  and  to  bending-i-stretching  combination 
modes  were  detected  as  well  in  the  570  -  800  and  4150-4160  cm“'  respectively. 

The  stretching  mode  spectra  (fundamentals,  overtones,  and  isotopic  replicas)  were 
analyzed  in  the  framework  of  the  Morse  anharmonic  oscillator  and  the  related  parameters 
were  determined.  The  anharmonicity  parameter  was  ~  0.023  for  Cd-OH  defects  and 
~  0.022  for  the  Ca-OH  ones.  The  values,  i.e.  the  binding  energy  of  the  OH  molecule, 
were  of  the  order  of  40,500  cm~'  for  the  former  and  of  42,500  for  the  latter.  Such  values 
are  comparable  to  those  obtained  for  Mg-OH  defects  in  LiF  and  NaF’  and  for  the  isolated 
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FIGURE  3  Temperature  dependence  of  the  normalized  line  shift,  i.e.  the  ratio  between  the  shift  /S.i>str(T)  at  a 
given  temperature  T  and  the  line  position  K)  measured  at  9K,  in  NaChCd  (10^  ppm),  OH  sample 
(x  =  18  mm).  Open  squares  are  for  the  fundamental  transition  line  (peaking  at  3568.9  cm“*  at  9  K,  see 
Figure  lb);  crosses  are  for  the  related  overtone  (peaking  at  6966.1  cm”^  at  9  K,  see  insert  at  the  top  left). 

In  the  insert  at  top  left:  high  resolution  (0.04  cm“^)  optical  absorption  spectrum  of  the  same  sample  measured  at 
9  K  displaying  the  overtone  transition  (An  =  2). 

In  the  insert  at  bottom  right:  low  resolution  optical  absorption  spectrum  of  a  thick  (x  =  39  mm)  NaCkCd 
(10"^  ppm),  OH  sample,  measured  at  9  K  displaying  the  overtone  transition  (An  =  3). 


OH  ion.'^  The  4%  difference  between  the  x<.„’s  of  Cd-OH  and  Ca-OH  defects  is  well 
beyond  the  experimental  error  (<  0.3%),  and  therefore  meaningful  and  appreciable,  in  fact 
Xem  for  isolated  OH"  changes  only  within  6%  along  the  whole  series  of  alkali  halides."* 
This  means  that  the  electronic  polarizability  (higher  for  Cd  than  for  Ca)  could  play  a  more 
important  role  on  the  anharmonicity  than  the  ion  size  (practically  the  same  for  Cd  and  Ca). 
The  ratio  p  between  the  reduced  masses  of  OH  and  OD  embedded  in  the  same  complex 
ip  being  meaningful  of  the  hydroxyl  ion  coupling  to  the  lattice)  was  found  to  lie  between 
0.5300  and  0.5364,  related  to  the  simplified  models  of  the  free  diatomic  molecule  and  of 
the  molecule  strongly  coupled  to  the  lattice  respectively,  again  in  agreement  with  the 
results  obtained  for  Mg-OH  defects.*  If  the  dipole  moment  is  a  linear  function  of  0-H 
separation,  Xg„  should  equal  the  ratio  Xgg  =  Io_,2/Io^i  between  the  oscillator  strengths  of 
the  first  overtone  and  of  the  fundamental  line.  In  the  present  case  the  two  values  coincide 
within  the  experimental  error,  excluding  electrical  anharmonicity  contributions,  at  variance 
with  the  results  reported  for  isolated  OH."* 

Since  the  spectra  are  heavily  affected  by  temperature  (compare  curves  a  and  b  in 
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Figure  1),  the  line  positions  i>str{T)  and  the  widths  AW{T)  were  analyzed  as  a  function  of 
the  temperature  T.  By  increasing  T  the  lines  broaden  and  shift.  A  ‘red’  (i.e.  towards  lower 
wavenumbers)  shift  is  observed  for  Ca-OH  complexes,  as  for  isolated  OH“  in  sillenites,^ 
and  of  Mg“OH  complexes  in  LiF  and  NaF,^  while  an  unusual  ‘blue’  shift  is  detected  for 
Cd-OH  complexes  (see  Figure  3).  In  the  range  9-300  K  the  line  shift  Ai>str(T)  is  very  small 
for  both  impurities  (less  than  1.5  cm“^  in  NaCliCd)  and  the  normalized  shift,  i.e. 
(Ai)str{T)/i)str{9  K)),  is  practically  the  same  for  the  fundamental  and  overtone  (An  =  2) 
line  (see  Figure  3),  confirming  that  both  are  related  to  the  same  center.  The  lines  are  very 
narrow  at  low  T,  see  Figure  1,  and,  anyway,  more  narrow  than  those  due  to  the  isolated 
OH.  A  single  phonon  coupling  model,^  recently  successfully  applied  to  describe  the  shift 
and  broadening  of  the  narrow  OH-stretching  line  in  sillenites,^  was  assumed  to  analyze  the 
temperature  dependence  of  Ustr  and  AW,  The  lines  are  well  described  by  a  Lorentzian,  as 
predicted  by  the  model.  However,  in  the  case  of  NaChCa,  where  is  comparable  with 
the  apparatus  resolution,  the  lineshape  could  not  be  correctly  analyzed,  at  least  at  low  T, 
Except  for  such  cases,  the  data  fit  satisfactorily  the  model  and  made  it  possible  to  evaluate 
the  frequency  i>ph,oH  of  the  coupled  phonon.  Oph^oH  values  obtained  for  the  3583  cm“^  Ca- 
line  and  for  the  3568.9  cm"^  Cd-line  were  46  ib  15  cm“^  and  27  ±  11  cm“\  i.e.  a 
frequency  comparable  to  that  of  OH“  center  of  mass  mode  (~  30  cm”^).^  Both  the  ‘red’ 
and  ‘blue’  shift  can  be  accounted  for  by  the  model  proposed  by  Zhang.^ 
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We  have  used  perturbed  angular  correlation  (PAC)  spectroscopy  to  study  the  structure  and  thermodynamic 
behavior  of  point  defect  complexes  containing  trivalent  indium  ions  in  AgBr.  When  indium  atoms  are  introduced 
into  AgBr  they  generally  substitute  for  silver  atoms,  and  two  silver  vacancies  are  created  compensating  the  excess 
charge  of  each  indium  atom.  The  vacancies  interact  with  the  indium  atoms  via  the  Coulomb  force,  forming 
complexes  whose  structure  depends  on  details  of  the  interionic  potentials.  PAC  allows  the  structure  and 
populations  of  these  complexes  to  be  probed  over  a  wide  range  of  temperatures  via  the  ^^^In  PAC  probe.  Our 
results  show  that  the  behavior  of  these  defects  is  surprisingly  intricate,  with  several  structures  occurring  and 
transitions  occurring  among  them  as  the  temperature  is  varied  between  50  K  and  100  K.  Analysis  of  these 
transitions  provides  information  on  thermodynamic  potentials  that,  together  with  defect  structural  information, 
can  provide  insight  into  fundamental  properties  like  interionic  potentials.  Recent  results  on  AgBr:In  are  presented 
and  compared  with  earlier  studies  of  the  AgChIn  system. 

Key  words:  (AgBr,  AgBr:In,  defects,  color  centers) 


1  INTRODUCTION 

When  an  aliovalent  impurity  is  introduced  into  an  ionic  material,  vacancies  are  normally 
formed  to  offset  the  excess  charge  of  the  impurity.  In  the  silver  halides,  for  example,  a 
divalent  ion  such  as  cadmium  often  substitutes  for  monovalent  silver,  resulting  in  the 
creation  of  a  silver  vacancy.  Since  this  vacancy  has  relative  charge  opposite  to  that  of  the 
impurity  ion,  it  can  be  trapped  at  either  a  nearest  or  a  next-nearest  site  to  the  impurity  ion. 
The  impurity  ion’s  size  and  the  polarizability  of  the  halogen  ion,  primarily,  determine 
which  site  is  occupied.  Trivalent  ions  require  two  vacancies  for  charge  compensation,  both 
of  which  may  bind  to  the  impurity,  so  the  opportunity  for  structures  of  greater  complexity 
exists.  Although  defects  involving  divalent  cations  have  been  the  subject  of  considerable 
research  for  many  years,  relatively  little  work  has  been  done  on  complexes  involving 
trivalent  impurities,  as  their  greater  complexity  makes  their  characterization  more  difficult. 

Complexes  formed  between  vacancies  and  aliovalent  impurities  are  interesting  from  a 
technological  point  of  view.  These  complexes  often  act  as  traps  of  photocarriers  in  silver 
halides,  and  can  have  significant  effects  on  the  performance  of  photographic  films.  The 
photocarrier  trapping  behavior  of  a  particular  complex  depends  on  its  charge,  the 
electronic  structure  of  the  impurity,  and  the  ionic  structure  of  the  complex  itself.^  Trivalent 
dopants  are  often  used  to  dope  silver  halides  in  practical  photographic  films. 

Perturbed  angular  correlation  (PAC)  spectroscopy  is  able  to  provide  information  on  the 
structure  of  complexes  involving  trace  quantities  (~1  ppb)  of  the  trivalent  ion  ^^^In. 
Because  PAC  measurements  have  no  fundamental  temperature  limitation  (in  contrast  to 
most  microscopic  techniques  that  can  be  used  to  study  defects),  they  are  able  to  reveal 
transitions  in  the  structure  of  defect  complexes  that  could  not  be  observed  by  other 
methods. 

Previous  publications  have  documented  the  AgChIn  defect  system.^’^  In  the  following 
pages  we  present  a  brief  summary  of  recent  progress  in  the  characterization  of  AgBriln 
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defects  and  a  comparison  to  AgCl:In.  Space  limitations  prevent  a  comprehensive 
presentation — a  more  detailed  treatment  will  follow  later."^ 


2  EXPERIMENTAL 

The  local  symmetry  of  the  charge  distribution  around  a  probe  nucleus  such  as  ^^^In  is 
generally  lowered  when  an  impurity  atom  or  intrinsic  point  defect  is  trapped. 
Consequently,  an  inhomogeneity  in  the  local  electric  field  occurs  at  the  site  of  the 
impurity.  A  nucleus  with  a  quadrupole  moment  will  interact  with  such  electric  field 
gradients  (efg’s)  via  the  electric  quadrupole  interaction,  lifting  the  energy  degeneracy  and 
causing  oscillations  in  the  occupation  of  the  nuclear  hyperfine  energy  levels.  These 
oscillations  appear  as  a  precession  of  the  nuclear  spin  at  a  frequency  equal  to  AEjh,  where 
AE  is  the  difference  in  energy  between  hyperfine  energy  levels  and  h  is  Plank’s  constant. 

a  typical  PAC  probe  isotope,  decays  via  a  pair  of  gamma  radiations,  the 
intermediate  state  having  a  quadrupole  moment  of  0.83  bam  and  a  lifetime  of  84 
nanoseconds.  An  oriented  ensemble  of  nuclei  is  selected  via  the  conservation  of  angular 
momentum,  by  detecting  the  first  radiation  of  the  cascade  along  a  particular  direction.  The 
precession  of  the  nucleus  during  the  intermediate  state  is  then  observed  by  monitoring  the 
angular  distribution  of  the  second  radiation  as  a  function  of  time.  This  effect  is  usually 
displayed  by  forming  a  ratio  R(t)  of  the  radiation  patterns  measured  at  several  angles.  The 
theory  for  this  effect  is  well  established  and  the  time-dependence  of  R(t)  can  be  written  in 
a  simple  form.^  Each  unique  defect  structure  causes  a  unique  quadmpole  interaction  and  a 

3 

term  5o  +  coscj^f  in  R(t),  There  is  one  such  term  for  each  unique  structure.  The 

n— 1 

strength  and  symmetry  of  the  quadrupole  interaction  (described  by  parameters  uq  and  7], 
respectively)  determine  the  frequencies  The  coefficients  Sn  are  determined  by  the 
symmetry  of  the  interaction  and  the  orientation  of  the  electric  field  gradient  tensor  relative 
to  the  detectors.  The  magnitude,  symmetry,  and  orientation  of  the  tensor  describing  the 
gradient  of  the  electric  field  can  be  deduced  by  fitting  the  theoretical  equation  to 
experimental  data.  Because  these  field  gradient  arise  from  asymmetries  in  the  distribution 
of  charge  near  the  probe  nucleus,  the  structure  of  the  complex  can  often  be  deduced  or 
inferred. 


3  RESULTS 

The  two  materials  studied,  AgBr  and  AgCl,  have  very  similar  structure  and  properties.  The 
most  important  differences  are  the  polarizabilities  and  sizes  of  the  anions;  bromine’s  ionic 
radius  is  larger  than  chlorine’s  by  about  eight  percent,  and  its  polarizability  is  larger  by 
about  one  third.  Slight  differences  also  exist  in  the  polarizability  of  the  silver  ion  within  the 
two  materials.  These  microscopic  differences  manifest  themselves  as  differences  of  a  few 
percent  in  such  bulk  properties  as  melting  point,  cohesive  energy,  dielectric  constant,  and 
diffusion  energies.^ 

Surprisingly,  the  behavior  of  In-VAg  defect  complexes  shows  qualitative  differences.  In 
AgCl  a  transition  in  the  structure  of  InAg-2VAg  complexes  occurs  between  120  K  and 
180  K,  centered  at  about  130  K.  Below  this  temperature  two  structures  occur  with 
approximately  equal  probability.  PAC  data  show  that  these  defects  have  the  structure 
shown  in  Figure  1(a)  and  (b),  both  having  vacancies  at  next-nearest  silver  sites  to  the 
indium.  Both  of  these  structures  nearly  vanish  above  the  transition  (one  completely,  the 
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(a) 


(b) 


FIGURE  1  The  structure  of  defects  involving  the  trivalent  ion  of  indium  in  silver  chloride  and  silver  bromide. 
The  small  filled  circles  represent  indium  ions,  the  large  unfilled  circles  represent  halogen  ions,  the  shaded  circles 
represent  silver  ions,  and  the  squares  represent  vacant  silver  sites.  The  defects  shown  in  the  figure  both  appear  in 
both  materials,  AgCl  and  AgBr,  In  silver  chloride  both  defects  occur  below  the  130  K  transition,  and  vanish,  for 
the  most  part,  above  the  transition.  In  AgBr  the  defects  shown  in  (a)  and  (b)  dominate  below  and  above  the  80  K 
transition,  respectively. 


Other  by  about  90%)  replaced  by  a  new  defect  whose  structure  has  not  yet  been 
determined.  This  temperature-reversible  transition  is  probably  a  result  of  vibrational  effects 
that  change  the  relative  stability  of  two  different  structures  as  the  temperature  is  changed. 
The  relative  probability  for  the  occurrence  of  the  low  and  high  temperature  structures  at  a 
certain  temperature  is  given  by  a  ratio  of  Boltzmann  factors  in  ^e  Gibbs  free-energy. 
Analysis  in  terms  of  this  formalism  provides  A/r  =  64  ±  5  mey  and  A^  =  5.7  ib  0.5^^  for 
the  enthalpy  and  entropy  differences  between  the  two  structures  (Ref.  3).  The  entropy 
difference  reflects  both  structural  and  vibrational  contributions.  No  significant  change  in 
the  structure  of  defect  complexes  is  seen  below  about  120  K  (Ref.  2),  consistent  with  bulk 
diffusion  parameters. 

In  AgBr,  in  contrast  to  AgCl,  no  significant  change  is  observed  in  the  defect  structure 
between  120  K  and  180  K.  There  is,  however,  a  transition  at  a  much  lower  temperature 
(around  80  K),  most  likely  between  the  two  structures  shown  in  Figure  1(a)  and  (b),  which 
in  AgCl  occur  together  below  the  130  K  transition.  The  structure  seen  above  this  80  K 
transition  in  AgBr  is  apparently  very  similar  to  that  shown  in  Figure  1(b).  The  PAC 
signature  is  in  most  respects  identical  to  that  seen  for  this  defect  in  AgCl.  I^e  orientation 
of  the  main  (‘zz’)  axis  of  the  principal  axis  system  of  the  electric  field  gradient  tensor  is  the 
same  ((100))  in  AgCl  and  AgBr.  The  fundamental  quadrupole  interaction  frequency  uq  is 
also  very  similar,  smaller  in  AgBr  by  an  amount  that  scales  with  the  lattice  constant  cubed, 
as  expected  for  the  quadrupole  interaction  in  an  ionic  material.  But  the  asymmetry 
parameter  77,  which  can  take  on  values  between  zero  and  one  (zero  describes  a  structure 
with  a  three-fold  symmetry  axis)  differs  dramatically.  The  asymmetry  parameter  is  very 
close  to  zero  for  the  AgCl  complex  and  is  very  large — approaching  0.5 — in  AgBr.  This 
profound  difference  probably  arises  from  different  ionic  displacements  and  polarizations  in 
AgCl  and  AgBr.  A  detailed  analysis  of  this  difference  is  required  and  is  in  progress. 
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Below  80  K  for  AgBr,  the  structure  shown  in  Figure  1(a)  seems  to  dominate,  as  the 
PAC  signature  of  the  defect  commonly  seen  at  this  temperature  is  identical  in  almost  every 
respect  to  the  corresponding  defect  in  AgCl:  size,  symmetry  and  orientation  of  the  efg 
tensor  are  the  same  to  within  the  margin  of  experimental  error.  Analyzing  this  transition  in 
terms  of  equilibrium  thermodynamics  allows  us  precisely  to  determine  differences  in 
thermodynamic  parameters  between  the  two  structures.  This  analysis  reveals  an  enthalpy 
difference  of  about  30  meV  between  the  two  complexes  shown  in  Figure  1,  and  an  entropy 
difference  of  between  5  ks  and  6  ks-  The  details  of  this  transition  are  complex  and  elusive, 
varying  from  one  sample  to  another  and  from  run  to  run  within  the  same  sample.  The 
treatment  presented  here  has  been  abbreviated  because  of  length  limitations. 

That  any  structural  change  should  occur  at  such  a  low  temperature  is  extraordinary, 
since  a  free  vacancy  in  AgBr  makes  approximately  six  jumps  per  year  at  80  K.  Subtle 
changes  in  the  structure  of  the  low-temperature  complex  occur  at  still  lower  temperatures, 
as  low  as  50  K.  Free  vacancies  at  this  temperature  succeed  at  jumping  from  site  to  site  only 
once  every  10^^  years.  PAC  data  suggest  that  the  processes  responsible  for  the  50  K  and 
80  K  transitions  are  different,  since  the  rates  at  which  the  transitions  occur  at  the  two 
temperatures  cannot  be  described  by  a  single  Arrhenius  relationship.  It  is  likely,  then,  that 
the  subtle  effects  seen  at  the  lowest  temperatures  involve  very  small  adjustments  in  the 
positions  of  the  ions  (the  small  indium  ion  in  particular),  perhaps  between  centered  and 
uncentered  positions.  It  is  probable  that  the  rearrangement  seen  at  80  K  involves  a  site-to- 
site  hop,  as  inferred  from  our  model  that  the  transition  is  from  the  structure  of  Figure  1(a) 
to  that  of  Figure  1(b).  The  apparent  enhancement  in  this  rate,  relative  to  free-vacancy 
migration,  can  perhaps  be  explained  by  the  extra  space  left  in  the  lattice  when  three  silver 
ions  are  replaced  with  a  single,  rather  small,  indium  ion. 
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COLOR  CENTERS  IN  MIXED  CRYSTALS  OF 
ALKALI  SILVER  HALIDES  AND 
AMMONIUM  SILVER  HALIDES 
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ESR  study  was  executed  on  the  mixed  crystal  of  rubidium  silver  iodide  and  ammonium  silver  iodide.  In 
(Rbo.9(NH4)o.i)2Agl3  7-ray ed  at  77  K,  Iff  was  on  the  horizontal  edge  of  the  iodine  tetrahedron  that  chained  by 
each  other  in  the  direction  parallel  with  the  6-axis  of  the  crystal.  I®  was  on  one  of  the  iodine  ion  on  the  horizontal 
edge  of  the  iodine  tetrahedron  and  slightly  distributed  to  one  of  near  arrunonium  ions.  Their  hyperfine  parameters 
were  approximately  the  same  as  those  in  the  ammonium  silver  iodide  or  alkali  silver  iodides.  I2~  :  IA//I  =  42.0  mT, 
lAxI  =  19.5  mT,  g,,  =  1.91,  =  2.57. 1°:  IA//I  =  51.0  mT,  lA^I  =  21.0  mT,  gu  =  1.99,  gx  =  2.26.  The  Ij”  and  1° 

were  thermally  more  stable  than  those  in  the  each  component  crystal. 

Key  words:  alkali-ammonium  silver  halide,  self-trapped  hole,  one  center,  Vk  center,  P,  ESR. 


1  INTRODUCTION 

7-ray  irradiation  induces  self-trapped  holes  (STHs)  of  the  form  of  I^  in  alkali  silver 
iodides^  or  (halogen)2“  and  (halogen)^  in  ammonium  silver  halides.^’^  The  (halogen)^  is 
weakly  coupled  with  the  nearest  alkali  metal  ion  or  ammonium  ion.  It  is  able  to  be  denoted 
as  Rbl"^,  KU,  NH4U  or  NH4Br‘*‘.  In  the  case  of  alkali  halides  and  ammonium  halides,  there 
is  no  difference  in  the  structure  of  the  STHs.  It  is  interesting  to  investigate  the  reason  those 
STHs  have  different  forms  in  alkali  silver  halides  from  ammonium  silver  halides.  In  this 
study,  we  have  investigated  the  structures  of  self-trapped  holes  in  the  mixed  crystal  of 
alkali  silver  halides  and  ammonium  silver  halides.  We  report  the  structure  of  self-trapped 
holes  in  (Rbo.9(NH4)o.i)2Agl3  by  ESR  measurements  in  this  paper. 

The  crystal  structure  of  (Rbx(NH4)i_x)2Agl3  is  shown  in  Figure  1(c).  The  structure  is 
orthorhombic  and  belongs  to  the  space  group  of  D2h^^*  A  unit  cell  is  projected  into  a-c 
plane.  Each  of  the  four  silver  ions  in  a  unit  cell  is  surrounded  by  an  iodide  tetrahedron  that 
is  chained  with  next  one  in  the  direction  parallel  with  the  ^-axis  of  the  crystal.  This  crystal 
structure  is  the  same  as  that  of  Rb2Agl3  shown  in  Figure  fra)  or  (NH4)2Agl3  in  Figure 
frb)."^  A  part  of  rubidium  ions  seems  to  be  substituted  by  ammonium  ions  in  the 
(Rbx(NH4)i_x)2Agl3  crystal  considering  from  x-ray  diffraction  analysis.  Detail  of  this 
analysis  will  be  described  elsewhere.  Directions  dl  and  d2  in  Figure  fra)  show  those  of  the 
distribution  of  I^.  I^  exists  only  on  two  sorts  of  iodide  site  1(1)  and  I(III).^  Directions  dl  and 
d2  in  Figure  frb)  show  those  of  the  distribution  of  in  (NH4)2AgX3(X  =  Br,  I).  In  this 
crystal,  X^  exists  on  X(I)  and  X(n).  X2”  exists  on  each  pair  of  X“s  in  the  direction  parallel 
to  the  Z?-axis  of  the  crystal. 


2  EXPERIMENTAL 

The  mixed  crystal  of  alkali  silver  iodide  and  ammonium  silver  iodide  were  grown  in 
saturated  aqueous  solution  of  a  mixture  of  NH4I,  Rbl  and  Agl.  Crystals  of  sizes  of  about 
5  X  10  X  25  mm^  were  obtained  by  growth  for  one  week.  The  concentration  ratio  of  Rb 
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FIGURE  1  Crystal  structure  of  (a)  alkali  silver  iodides,  (b)  ammonium  silver  halides  and 
(c)  alkali-ammonium  silver  halides,  A  unit  cell  is  projected  on  a~c  plane.  Figures  show  6-coordinates  of 
each  ion.  ‘M’  in  (a)  denotes  alkali  metal  ion.  ‘X’  in  (b)  denotes  halogen  ion.  ‘M’  in  (c)  denotes  rubidium  or 
ammonium  ion.  Directions  dl  and  d2  are  subscribed  in  the  text. 


and  NH4  was  determined  by  neutron  activation  analysis.  The  dose  of  7-ray  was  about 
5  X  10^  rad. 


3  RESULTS  AND  DISCUSSIONS 
3.1  Structures  of  Self-trapped  Holes 

Figure  2  shows  examples  of  ESR  spectra  of  (Rbo.9(NH4)o,i)2Agl3  7-rayed  at  77  K.  The 
measurement  temperature  was  also  77  K.  Magnetic  field  was  applied  along  the  a-axis  of 
the  crystal  at  the  top  and  along  the  c-axis  at  the  bottom  of  the  Figure  2.  Angles  in  the 
Figure  2  denote  those  from  the  «-axis  in  a-c  plane.  Hyperfine  signal  of  U”  was  observed 
clearly  at  the  third  figure  as  shown  by  1 1  vertical  lines.  Two  sets  of  If  had  their  uniaxial 
directions  apart  27  degree  from  the  c-axis  in  a-c  plane,  which  was  concluded  from  the 
angular  dependence  analysis  of  the  peak  position  of  If  signal.  These  directions  almost 
coincide  with  those  of  horizontal  edges  of  iodine  tetrahedrons,  which  is  shown  as  d2  in  the 
Figure  1(c).  Hyperfine  parameters  were;  IA//I  =  42.0  mT,  lA^I  =  19.5  mT,  g//  =  1.91, 
gx  =  2.57.  These  hyperfine  parameters  were  approximately  the  same  as  those  in  the 
ammonium  silver  iodide.^ 

Figure  3  shows  examples  of  ESR  spectra  when  the  magnetic  field  was  applied  in  the 
b-c  plane  of  the  crystal.  Hyperfine  signal  of  I^  is  clear  at  the  second  top  figure  as  shown  by 
6  vertical  lines.  Each  hyperfine  peak  was  split  into  three  lines  that  seemed  to  be  the  super- 
hyperfine  structure  by  a  nitrogen  nucleus.  This  means  that  the  I^  is  slightly  distributed  not 
to  a  rubidium  ion  but  to  an  ammonium  ion.  According  to  an  angular  dependence  analysis 
of  the  peak  position  of  I^,  two  sets  of  I^  had  their  slightly  distributed  directions  40  degree 
apart  from  the  c-axis  in  the  b-c  plane  of  the  crystal.  These  directions  almost  coincide  with 
those  between  1(11)  and  M(I)  as  shown  in  Figure  1(c)  by  ‘dU.  Hyperfine  parameters  were; 


COLOR  CENTERS  IN  MIXED  CRYSTALS  OF  ALKALI  SILVER  HALIDES 
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FIGURE  2  ESR  spectra  of  (Rbo.9(NH4)o.])2Agl3  7-rayed  at  77  K.  Magnetic  field  was  applied  in  the 


392 


T.  AWANO  AND  T.  MATSUYAMA 


FIGURE  3  ESR  spectra  of  (Rbo.9(NH4)o.i)2Agl3  7-rayed  at  77  K.  Magnetic  field  was  applied  in  the 
b-c  plane  of  the  crystal. 
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IA//I  =  51.0  mT,  IA_lI  =  21.0  mT,  gu  -  1.99,  gx  =  2.26.  These  hyperfine  parameters  were 
approximately  the  same  as  those  in  the  alkali  silver  iodides^  or  the  ammonium  silver 
iodide.^ 

These  directions  of  and  V  are  different  from  those  in  the  alkali  silver  iodides^  and 
the  ammonium  silver  halides.^’^  is  oriented  nearly  parallel  to  the  c-axis  in  alkali  silver 
iodides.^  This  direction  coincides  with  the  directions  of  the  iodine  (I)  and  (III)  to  the  alkali 
metal  which  are  drawn  as  dl  and  d2  in  the  Figure  1(a)  by  dashed  lines.  is  oriented  in 
other  directions  in  anunonium  silver  halides. They  are  almost  coincident  with  the 
direction  from  halogen  ion  (I)  or  (H)  to  the  ammonium  ion  (I)  in  Figure  1(b)  as  shown  by 
dl  and  d2.  In  the  result  of  this  study  in  (Rbo.9(NH4)o.i)2Agl3,  I^  exists  only  in  iodine  ion 
(H)  and  slightly  distributes  only  to  NH4'"(I)  in  Figure  1(c).  The  Vk  center  directs  itself 
parallel  to  the  6-axis  in  the  ammonium  silver  halides.^’^  This  direction  is  the  same  as  that 
between  two  iodine  ions  on  a  vertical  edge  of  an  iodide  tetrahedron  chained  each  other  in 
the  direction  parallel  to  the  6-axis  of  the  crystal.  In  this  result  of  (Rbo.9(NH4)o.i)2Agl3,  V 
is  in  two  iodine  ions  on  the  horizontal  edge  of  the  iodide  tetrahedron. 

3.2  Thermal  Decay 

Each  of  the  I2”  and  I^  in  (Rbo.9(NH4)o.i)2Agl3  crystal  decayed  at  250  K  and  240  K  in  an 
annealing  process.  Comparing  with  the  alkali  silver  iodides  and  the  ammonium  silver 
iodide,  l2~  and  I^  were  stable  in  the  mixed  crystal  in  the  annealing  process.  The  (halogen) 
decays  at  150  K  in  the  alkali  silver  iodides  and  the  ammonium  silver  halides.^'^  The  Vk 
center  decays  at  170  K  in  the  ammonium  silver  halides.  The  structural  conversion  of 
(halogen)2”  occurs  around  200  K  in  the  ammonium  silver  halides.^’^  This  new  Vk  center  is 
stable  up  to  250K  and  disappears  at  280  K.  This  conversion  did  not  occur  in  the 
(Rbo.9(NH4)o.i)2Agl3  crystal. 


4  CONCLUSION 

The  structures  of  self-trapped  holes  induced  in  the  mixed  crystal  of  the  alkali  silver  iodide 
and  the  ammonium  silver  iodide  are  almost  the  same  as  those  in  each  component  crystal. 
Their  orientations  are,  however,  different  from  those  in  each  component  crystal.  They  are 
thermally  stable  comparing  with  those  in  each  component  crystal.  These  facts  suggest  that 
small  differences  of  site  energies  resulted  into  rather  large  differences  of  the  stability  of  the 
STHs. 
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The  formation  of  F-aggregate  colour  centres  was  studied  in  oxygen-doped  KCl  crystals.  Compared  to  the  undoped 
crystals,  a  remarkably  enhanced  F  ^  M  (F2)  conversion  and  an  increase  of  absorption  in  the  N  band  region  were 
obtained  after  white  light  exposure  at  RT.  An  aftergrowth  of  M  absorption  after  a  short  (10  s)  exposure  was  also 
observed. 

Key  words:  Colour  centres,  F-aggregates,  photosensitivity. 


1  EsfTRODUCTION 

Oxygen-doped  alkali  halide  crystals  containing  colour  centres  are  used  as  active 
components  of  tunable  lasers.  In  order  to  produce  laser  active  (F2'^)fj  centres,  e.g.  an 
F2''"  centre  associated  with  a  doubly  charged  chalcogenide  ion,  in  additively  coloured 
crystals  a  two  step  light  exposure  process  has  been  used.  First,  a  heavily  coloured  crystal  is 
exposed  near  RT  with  F-band  light  to  generate  the  active  units,  and  second,  an  exposure  at 
LNT  orients  the  centres  in  their  most  stable  configuration.^  Quite  recently  the  authors  have 
produced  these  centres  by  using  electrolytic  coloration  of  partially  doped  KChKNOs 
crystals.^ 

In  all  the  studies  published  so  far  on  chalcogenide  doped  coloured  crystals  no  real 
attention  has  been  paid  to  the  photosensitivity  of  the  crystals  and  especially  to  the 
formation  of  different  F-aggregate  centres.  The  understanding  of  these  properties  was  the 
goal  of  the  present  study. 


2  EXPERIMENTAL 

KCl  crystals  were  grown  in  Ar  atmosphere  by  the  Czochralski  method.  During  the  growth 
the  crystal  was  partially  doped  by  adding  small  amounts  of  KNO3  in  the  melt,  when  the 
crystal  had  reached  a  height  of  15  mm.  This  partial  doping  technique  was  used  to  help 
the  electrolytic  coloration,  because  a  direct  electron  injection  in  the  oxygen-doped  crystal 
is  very  difficult  or  even  impossible  to  perform.^ 

The  KNO3  doping  tends  to  concentrate  into  thin  and  sharp  layers  which  form 
immediately  after  the  doping  addition.  Because  of  that  property  the  doping  pills  (0.2  mg 
KNO3  mixed  with  KCl  powder)  were  added  stepwise  into  the  melt.  As  a  result  the  topmost 
part  of  the  crystal  bulk  was  undoped,  whereas  below  it  there  were  several  doped  layers. 
The  first  one  of  them  contained  a  nominal  doping  of  5  ppm  in  the  melt  (0.2  mg  KNO3  in 
40  g  KCl)  whereas  in  the  others  the  doping  increased  gradually  towards  the  bottom  of  the 
crystal. 

When  dropped  in  the  KCl  melt  the  KNO3  doping  immediately  decomposes  into  KNO2 
and  O2.  The  cWacteristic  peaks  of  the  NO2”  molecule  (at  1385, 1275,  and  820  cm“^  were 
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FIGURE  1  Absorbance  spectra  of  coloured  KCI/KNO3  (solid  line)  and  KCl  (dashed  line)  crystal  samples 
(thickness  2  mm)  after  white  light  exposure  at  RT.  Exposure  times  were  1 10  s  for  KCI/KNO3  and  16  min  for  KCl. 
The  spectra  are  measured  at  RT. 


observed  in  IR  spectra  of  heavily  doped  crystals.  The  oxygen  gas  liberated  in  that  process 
causes  some  small  bubbles  in  the  doped  layers. 

Crystal  rods  (20  x  12  x  12  mm)  cleaved  from  the  crystallized  bulk  and  containing  pure 
KCl  and  three  or  four  doped  layers  were  coloured  electrolytically  by  the  matrix-cathode 
technique.^  When  the  colour  centre  diffusion  enters  the  doped  layer,  each  02“  ion  reacts 
with  three  F-centres  and  accordingly  two  [0^“-  anion  vacancy]  complexes  are  formed. 
This  reaction  makes  the  F-centre  diffusion  slower,  and  the  F-centre  concentration  higher  in 
the  doped  layers  than  in  the  other  parts  of  the  coloured  crystal.  By  that  means  it  was  easy 
to  recognize  the  doped  layers  in  the  electrolytically  coloured  crystal  rods.  Equal  rods  were 
also  coloured  additively  to  compare  these  two  methods.  In  these  rods  the  colour  was 
homogeneous,  and  the  doped  layers  were  found  with  the  help  of  the  electrolytically 
coloured  ones.  The  obtained  F-centre  concentration  was  quite  high,  varying  in  the  range  of 
1  —  3  X  10^^  cm“^. 

Samples  for  the  measurements  were  cleaved  from  the  coloured  crystal  rods.  Each 
sample  2  mm  thick)  contained  one  oxygen-doped  layer.  For  comparison,  also  one 
undoped  sample  was  cleaved  just  next  to  the  first  doped  layer.  The  samples  were  heated  at 
600° C  for  2-3  min  and  quenched  in  dark  on  a  copper  plate  to  remove  aggregate  colour 
centres  before  experiments.  However,  it  was  not  possible  to  fully  remove  these  aggregates 
in  doped  samples. 

The  samples  were  exposed  with  slide  projector  (unfiltered  white  light  from  150  W 
tungsten  lamp)  at  different  temperatures.  The  growth  of  aggregate  bands  was  measured 
with  a  spectrophotometer,  which  was  equipped  with  a  liquid-nitrogen  cryostat. 


3  RESULTS 

The  oxygen-doped  samples  showed  a  remarkably  increased  photosensitivity  compared  to 
the  undoped  ones.  Typically,  at  room  temperature  an  exposure  of  1-2  min  led  to 
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FIGURE  2  Absorbance  spectra  of  coloured  KCI/KNO3  (solid  line)  and  KCl  (dashed  line)  crystal  samples 
(thickness  2  mm)  after  prolonged  white  light  exposure  at  RT.  Exposure  times  were  9  min  for  KCI/KNO3  and 
45  min  for  KCl.  The  spectra  are  measured  at  LNT. 


M(F2)-band  saturation,  whereas  in  undoped  KCl  ten  times  longer  exposures  were  needed 
(Figure  1).  Short  exposure  produced  also  simultaneously  remarkably  high  absorption  in 
the  N  band  region  in  doped  samples. 

A  prolonged  exposure  led  to  the  formation  of  R  (F3)  and  N  centres.  In  doped  samples 
the  peak  wavelengths  of  all  other  absorption  bands  (F,  R,  M,  and  Nj)  coincide  well  with 
those  of  undoped  KCl  and  with  previously  known  values  at  LNT."^  However,  the  N2  band 
has  shifted  10  nm  (1024  nm  1034  nm  at  LNT)  towards  longer  wavelengths  in  doped 
samples  (Figure  2). 

In  doped  samples,  the  N-absorption  rapidly  increases  at  the  beginning  of  the  white  light 
exposure.  In  the  early  phase  of  that  process,  until  the  M  band  has  saturated,  the  ratio  of  the 
two  N-band  heights  is  like  in  undoped  samples,  the  Ni  band  being  higher  than  N2.  In  later 
phase  the  N2  band  increases  faster,  and  finally  it  is  higher  than  the  Ni  band.  The  relative 
heights  of  these  bands  can  be  changed  with  different  exposures,  but  the  situation  obtained 
is  not  stable:  the  N2  band  grows  further  to  some  extent  also  during  storage  in  dark  at  RT. 

Further,  in  doped  samples  an  aftergrowth  of  the  M  (F2)  absorption  after  a  short  (10  s) 
exposure  was  observed.  This  aftergrowth  process  lasted  several  minutes  at  RT  (Figure  3) 
and  it  was  also  checked  below  RT,  where  the  phenomenon  became  weaker  and  diminished 
at  -10°C.  At  lower  temperatures  (below  — 30°C)  the  ostensible  change  in  the  M  absorption 
(a  rapid  increase  during  the  exposure  and  then  a  decrease  to  original  value)  was  due  to  the 
formation  of  F'  centres.  The  broad  absorption  band  of  those  centres  raised  the  backround 
absorption  of  the  M  band,  and  gradually  diminished  after  the  exposure.  This 
low-temperature  behaviour  was  similar  in  doped  and  undoped  samples. 

The  comparison  between  electrolytically  and  additively  coloured  samples  showed  no 
difference  in  this  aftergrowth  process. 

4  DISCUSSION 

The  experiments  show  that  even  a  few  ppm  oxygen  doping  can  remarkably  enhance  the 
photosensitivity  of  coloured  KCl  crystals.  Obviously  the  enhanced  tendency  to  form 
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FIGURE  3  Aftergrowth  of  optical  density  at  821  nm  due  to  short  light  exposures  in  KCI/KNO3  sample.  The 
timedrive  curves  A,  B  and  C  are  measured  after  successive  white  light  exposures  each  lasting  10  s. 


F-aggregate  centres  requires  a  suitable  low  F-centre  concentration  compared  to  the 
concentration  of  [02“ -anion  vacancy]  complexes.  A  strongly  increased  sensitivity  was 
observed  in  the  samples,  where  the  F~concentration  was  reduced  by  several  thermal 
treatments:  a  10  s  exposure  was  enough  to  raise  the  M  absorption  near  to  the  saturation. 
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The  absorption  bands  located  near  1000  nm  need  a  special  attention.  The  slightly 
shifted  N2  band  in  undoped  KCl  sample  (1024  nm;  1019  nm  in"^)  is  probably  due  to  the 
exposure  temperature,  which  was  RT  (293  K)  in  this  study,  but  260  K  in.'^  The  observed 
15  nm  shift  in  doped  sample  may  be  due  to  several  overlapping  bands  in  the  N2  region. 
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Spectroscopic  properties  of  Fa  centres  in  Li  doped  KCl-KBr  mixed  crystals  were  studied.  At  low  temperature 
light  induced  spectral  shifts,  for  the  Fai  band  towards  lower  energy  and  for  the  Fa2  band  towards  higher  energy, 
were  observed.  The  shifts  are  proposed  to  be  due  to  a  configurational  change  where  the  electron  occupied  vacancy 
finds  a  new  location  in  relation  to  the  neighbouring  chlorine  and  bromine  ions.  The  recovery  to  the  original 
configuration,  obtained  in  the  F  — >  Fa  conversion,  is  a  temperature  activated  process. 

Key  words:  alkali  halides,  mixed  crystals,  colour  centres.  Fa  centres. 


1  INTRODUCTION 

There  has  been  a  continuous  research  interest  in  Fa  centres  of  alkali  halides  which  have 
been  used  in  laser  applications.  Their  basic  properties,  as  their  type  I  and  11  classification, 
are  well  known,  ^  but  some  structural  problems,  e.g.  off-axis  behaviour,  have  kept  the 
interest  vivid.  In  case  of  mixed  alkali  halides  Fa  centres  have  been  studied  only  in  Li 
doped  KCl-KBr  system.  Asami  and  Ishiguro^  showed  that  this  system  has  both  type  I  and 
type  II  emissions  relating  to  different  relaxed  excited  state  (RES)  configurations.  However, 
they  observed  only  one  pair  of  absorption  bands,  namely  Fai  and  Fa2-  At  1.6  K  they 
measured  a  peak  separation  of  Fa  bands  under  applied  pressure.  In  case  of  KClo.78Bro.22 
this  band  splitting  showed  abrupt  changes  that  the  authors  related  to  transitions  between 
off-centre  and  on-centre  configurations. 

In  KCl-KBr  mixed  crystal  the  Fa  (Li)  centre  electron  is  surrounded  by  five  K+  ions  and 
the  Li“^  ion.  Further,  the  impurity  Li+  itself  is  surrounded  partly  by  chlorine  and  partly  by 
bromine  ions,  their  relative  numbers  depending  on  the  composition.  The  arrangement  of 
the  ions  dictates,  the  Li"^  ion  in  an  off-axis  position  or  not,  and  accordingly  the  nature  of 
the  RES  configuration.  Following  their  emission  measurements  Asami  and  Ishiguro 
concluded,  that  the  centre  goes  to  the  RES  of  type  n  via  the  RES  type  I  with  a  thermally 
activated  process. 

The  facts  mentioned  above  led  us  to  consider  if  there  might  be  light  induced 
configurational  changes  of  Fa  centres  in  Li  doped  KCl-KBr  which  should  express 
themselves  in  absorption  spectra.  In  this  paper  we  show,  that  this  was  really  the  case. 


2  EXPERIMENTAL 

Five  different  compositions  (14,  24,  49,  74,  and  84  mole%  KCl  in  the  melt)  as  well  as 
‘pure’  KCl  and  KBr  doped  with  one  mole%  of  Li  were  crystallized  by  Czochralski  method 
in  Argon  atmosphere.  The  crystals  were  coloured  additively  in  a  Mollenauer  type  heat  pipe 
oven  or  electrolytically  using  the  method  developed  in  our  laboratory.^  Before 
measurements  the  coloured  crystals  were  quenched  from  500°  C  to  RT  on  a  copper  plate. 
The  sample  was  then  mounted  in  an  optical  cryostat  which  allows  to  reach  every 


401 


402 


P.  KETOLAINEN  AND  P.  SILFSTEN 


WAVELENGTH  (NM) 


FIGURE  1  Absorption  spectra  of  Fa  centres  in  KCFKBr  mixed  crystal  containing  49  mole%  KCl.  The  curves 
are  recorded  at  LNT  before  (solid  line)  and  after  (dashed  line)  white  light  exposure. 


temperature  between  RT  and  LNT.  The  F  ^  Fa  conversion  was  carried  out  at  RT  or  at 
~20°C  without  any  significant  difference  between  these  two  temperatures.  The  absorption 
spectra  were  recorded  with  a  Perkin-Elmer  Lambda  9  spectrophotometer,  and  for 
comparing  and  manipulating  the  spectra  a  Perkin-Elmer  computerized  spectroscopy 
software  was  applied.  The  light  source  for  exposures  was  a  projector  lamp  equipped  with  a 
set  of  Oriel  filters  with  a  half  width  of  10  nm  and  covering  the  range  400™740  nm  with 
20  nm  intervals. 


3  RESULTS  AND  DISCUSSION 

After  the  F  ^  Fa  conversion  the  crystal  was  immediately  cooled  down  to  LNT  and  its 
absorption  spectrum  was  recorded,  Tlien  it  was  exposed  for  10  min  with  white  light  and 
the  spectrum  was  recorded  again.  For  every  mixed  composition,  but  not  for  ‘pure’  KCl  and 
KBr,  a  clear  shift  for  the  Fai  band  towards  lower  energy  and  for  the  Fa2  band  towards 
higher  energy  was  observed.  Figure  1  shows  the  spectra  for  the  composition  of  49  mole% 
KCl.  In  energy  scale  the  shifts  are  of  the  size  of  0.02  eV  and  0.01  eV  for  Fai  and  Fa2 
bands,  respectively. 

It  is  well  known  that  if  the  Fa  centres  are  exposed  at  low  temperature  with 
monochromatic  light,  polarized  or  even  unpolarized  one,  the  centres  will  reorient.  After  a 
prolonged  exposure  with  unpolarized  light  a  steady  state  is  reached,  where  the  distribution 
of  the  centres  in  the  different  crystal  axis  directions  is  dependent  on  the  pumping 
wavelength,  i.e.  on  the  extent  the  two  Fa  bands  overlap  each  other  at  that  particular 
wavelength.  This  phenomenon  was  applied  as  follows  when  searching  the  explanation  for 
the  energy  split. 
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FIGURE  2  Differences  of  absorption  spectra  of  oriented  Fa  centre  distributions  in  unmixed  KCl.  Curves  1,  2, 3, 
4,  and  5  present  differences  between  the  original  Fa  spectrum  and  those  obtained  with  unpolarized  light  exposure 
at  540,  580,  600,  620,  and  680  nm,  respectively. 


At  first  an  unmixed  KCl  crystal  was  cooled  down  to  LNT,  its  absorption  spectrum  was 
recorded,  whereafter  it  was  successively  exposed  to  a  steady  state  pumping  with  the 
wavelengths  of  540,  580,  600,  660,  and  680  nm.  Then  each  spectrum  was  subtracted  from 
the  original  LNT  one.  Figure  2  presents  the  difference  curves  all  of  which  have  one 
common  intersection  point.  This  means  that  the  exposures  induce  only  reorientational 
changes  for  units  of  equal  structure.  Similar  results  were  obtained  also  for  unmixed  KBr. 

For  mixed  crystals  the  behaviour  was  different  as  shown  in  Figure  3.  A  mixed  crystal 
containing  49%  KCl  was  cooled  down  to  LNT  and  then  exposed  to  a  steady  state  pumping 
with  the  wavelengths  of  540,  600,  620,  640,  and  700  nm.  Each  spectrum  was  then 
subtracted  from  that  one  corresponding  to  600  nm.  The  difference  curves  do  not  intersect 
anymore  at  the  same  point  and  neither  their  maxima  nor  minima  stay  fixed.  This  behaviour 
is  an  evidence  that  there  is  a  structural  change  in  the  Fa  centres  together  with  the 
reorientation.  Most  probably  the  electron  occupied  vacancy  finds  at  low  temperatures  an 
energetically  more  favored  position  in  relation  to  the  neighbouring  chlorine  and  bromine 
ions  compared  to  that  one  obtained  in  the  F  Fa  conversion.  The  exposures  with 
different  wavelengths  at  LNT,  described  in  Figure  3,  induce  jumps  to  these  positions  and 
away  from  them  at  different  rates.  The  same  type  of  behaviour  was  observed  for  all  the 
other  compositions.  There  is  no  hint  to  relate  the  spectral  changes  to  transitions  between 
on-axis  and  off-axis  positions  of  the  Li"^  ion. 

When  heating  the  sample,  whose  behaviour  was  described  in  Figure  1,  back  to  RT  in 
the  dark  and  measuring  its  spectrum  at  LNT,  the  crystal  gave  the  same  spectrum  as  after 
the  original  F  Fa  conversion.  Thus  the  recovery  is  a  temperature  activated  process,  and 
it  was  observed  starting  to  occur  remarkably  at  about  — 50°C. 
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FIGURE  3  Differences  of  absorption  spectra  of  Fa  centre  distributions  in  KCl-KBr  mixed  crystal  containing 
49  mole%  KCK  The  crystal  was  exposed  with  unpolarized  light  at  the  wavelengths  of  540,  600,  620,  640,  and 
700  nm.  The  curves  1,  2,  3,  and  4  present  differences  between  the  600  nm  spectrum  and  those  of  540,  620,  640, 
and  700  nm,  respectively. 


Further,  it  was  looked  for  the  temperature  range  where  the  light  induced  shift  of  the  Fa 
bands  can  be  realized.  The  measurements  show  that  starting  from  —  150°C  downwards  this 
is  possible.  Above  this  temperature  the  inverse  reaction  and  the  simultaneous  formation  of 
Fa  '  centres  cancel  the  process. 
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The  electronic-to-vibrational  energy  transfer  (e-v  transfer)  between  the  F  center  and  CN“ -molecule  in  CsCl(CN“) 
and  KC1(CN“)  is  discussed  in  terms  of  nonradiative  transitions  between  the  electronic  excited  and  ground  states 
of  the  system.  The  role  of  dipole-dipole  coupling  between  the  F  center  and  CN“  molecule  in  the  e-v  transfer  is 
also  considered. 
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1  INTRODUCTION 

The  F  center-CN“  defect  pairs,  the  Fh(CN“)  centers,  in  alkali  halides  are  of  considerable 
interest  and  have  been  extensively  studied.  The  most  novel  and  interesting  effect  appears 
in  the  case  of  Fh(CN“)  in  CsCl  and  CsBr.  Electronic  excitation  of  these  centers  by  optical 
radiation  produces  an  intense  CN“  vibrational  emission  band  and  at  the  same  time  the 
electronic  luminescence  is  quenched.  The  F  luminescence  in  undoped  caesium  halides  is 
not  quenched.  Although  vibrational  fluorescence  of  the  CN“  molecule  has  been  observed 
also  in  KCl,  the  efficiency  of  the  conversion  is  only  about  4%,  and  the  electronic 
luminescence  is  hardly  reduced.^  Liity  and  Dierolf  observed  that^  the  coupling  between  the 
two  defects  is  stronger  generally  in  the  CsCl  lattice  than  in  the  NaCl  lattice.  They  also 
noted  that  despite  such  difference,  the  e-v  transfer  process  produces  always  a  maximum 
population  in  the  =  3  ^  4  state  of  the  associated  CN"  in  both  types  of  materials. 

In  this  paper,  we  attempt  to  explain  some  of  the  observed  properties  of  Fh(CN“)  in 
CsCl  and  KCl  on  the  basis  of  the  adiabatic  potential  energy  surface  (APES  hereafter) 
recently  obtained  from  first  principles  calculations.^  The  configuration  coordinates  used 
for  the  APES  are  the  molecule  bond  length  of  CN~,  designated  by  Qi,  and  the  distance 
separating  the  F  center  and  the  CN“  molecule  (its  mid-point),  designated  by  Q2.  The 
details  of  the  calculation  appeared  in  Ref.  (3).  This  method  treats  the  excited  electron  of  the 
F  center  within  the  extended-ion  approximation,  while  the  CN“  molecule  is  treated  by  a 
CNDO  (Complete  Neglect  of  Differential  Overlap)  code.  In  the  following  section  we 
discuss  the  possible  mechanism  and  factors  which  are  important  in  the  e-v  energy  transfer 
process. 


2  THE  ELECTRONIC-TO-VIBRATIONAL  ENERGY  TRANSFER 

The  following  points  may  be  considered  as  important  highlights  of  the  experimental 
observations. 

(1)  While  in  KCl  the  e-v  transfer  is  very  weak  and  the  F  luminescence  undiminished,  in 
CsCl  the  e-v  transfer  is  very  strong,  larger  than  90%  efficiency,  and  the  F 
luminescence  is  almost  completely  quenched. 
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FIGURE  1  The  APES  of  the  Fh(CN)  system  for  KCI  and  CsCl  with  the  F  center  in  py-like  excited  and  Franck- 
Condon  ground  states.  The  ground  state  equilibrium  occurs  at  (Qi  =  1.36  A,  Q2  =  4.5  A)  and  (Qi  =  1,36  A, 
Q2  =  4.6  A),  respectively  for  KCI  and  CsCl. 


(2)  In  crystals  of  both  structure,  the  strongest  e-v  transfer  occurs  to  1/  =  4  level  of  the 
CN“  molecule.  As  the  stretching  mode  phonon  energy  is  about  0.25  eV,  this  is 
equivalent  to  a  transfer  of  about  1  eV  from  electronic  to  vibration. 

(3)  A  recent  work^  based  on  pulsed  excitation  shows  that  in  CsCl,  a  very  weak 
luminescence  at  energy  1.3  eV  (the  ordinary  F  luminescence  is  at  1.255  eV)  decays 
with  the  same  time  constant  as  the  vibrational  emission  rise  time. 

(4)  In  CsBr,  excitation  into  the  band  (the  p-orbital  parallel  to  CN“  axis),  induces  a 
stronger  e-v  transfer  than  with  the  band  (polarized  perpendicular  to  the  CN“ 
axis). 

The  defect  is  oriented  along  the  (100)  and  (110)  axes  respectively  in  CsCl  and  KCI. 

The  APES  for  the  excited  py  state  (CN“  along  the  y-axis)  and  the  Franck-Condon  ground 

state  are  presented  in  Figure  1  for  KCI  and  CsCl.  We  present  below  two  mechanisms 
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which  could  account  for  the  observations  enumerated  above.  One  is  the  non-radiative 
transition  (NRT)  from  the  excited  to  the  ground  state  and  is  based  on  the  results  shown  in 
Figure  1 .  The  other  is  the  dipole-dipole  coupling  which  was  formulated  by  Dexter^  in  his 
study  of  sensitized  luminescence  and  taken  up  by  Halama  et  al.^  in  their  papers  on 
Fh(CN“,OH“),  centers. 

Figure  1  shows  that  the  most  important  difference  between  the  two  kinds  of  material  is 
the  intersecting  of  the  excited  and  ground  state  APES.  The  crossing  is  indicated  at  about 
Q2  ==  2  A  for  the  entire  range  of  Qi  in  CsCl,  but  no  crossing  occurs  in  KCL  This  is  true 
also  for  the  px  state.^  It  follows  that  luminescence  is  quenched  in  CsCl,  but  not  in  KCl  in 
agreement  with  observation.  The  difference  between  KCl  and  CsCl  is  attributable  to  the 
lattice  structure  difference  which  exerts  subtle  influences  on  the  interaction  between  the 
excited  F  electron  and  the  nearby  molecule.  Because  of  the  symmetry  around  the  defect, 
there  is  strong  interaction  between  the  py  and  s  states  and  result  in  more  complex  APES 
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than  for  the  px  state.^  In  particular,  it  is  possible  that  for  the  py  state  a  local  minimum  exist 
around  Q2  =  3.6  A  as  seen  in  Figure  1-b.  When  the  system  reaches  this  region,  it  can 
either  luminesce,  with  an  energy  of  =  1.3  eV,  or  be  transfered  to  the  vibrationally  excited 
states  on  the  ground  state  APES.  It  seems  quite  natural  to  link  the  observed  strong  e-v 
transfer  in  CsCl  to  the  crossing  (or  near  crossing)  of  the  APES, 

We  have  also  evaluated  in  an  approximate  way  the  permanent  dipole  moment  of  CN” 
in  CsCl  and  KCl  on  the  excited  and  ground  states  APES:  /i  =  Qi^q.  Here,  6q  is  related  to 
the  Mulliken  populations  qc  and  qN  obtained  in  Ref  (3)  as  ^q  =  (qc  —  qN)/2.  It  was  found 
that  in  general  fi  varies  monotonically  as  Q2  varies  from  about  4  A  to  about  2  A.  When  the 
crossing  region  (Q2  ^  2  A)  is  reached  in  CsCl  it  varies  abruptly  and  substantially  (by  as 
much  as  50%).  At  the  same  time  there  is  substantial  difference  in  the  values  of  //  between 
the  excited  and  ground  states  near  the  crossing.  This  is  brought  about  by  the  rapid  variation 
of  q  which  depends  on  the  Madelung  potential  acting  on  CN“,  but  more  importantly  on  the 
changing  charge  density  of  the  excited  F  electron.  Similar  variation  of  ji  is  absent  near  the 
energy  minimum  in  KCl.  It  is  speculated  that  the  dipole  moment  undergoes  a  fast 
fluctuation  between  the  old  and  new  values  after  reaching  the  ground  state  APES,  which 
appears  as  an  excitation  of  the  Qi  mode,  the  bondlength.  The  permanent  dipole  moment 
/iCN  varies  in  response  to  the  change  in  the  charge  density  of  the  F  center  (therefore  the 
dipole  moment  of  the  F  center  ^f)-  Within  a  simple  model  relying  only  on  the  NRT,  it  does 
not  seem  possible  to  explain  the  excitation  of  the  stretching  mode  Qi  and  specifically  the 
selective  vibrational  excitation  to  z/  =  4. 

In  their  recent  studies,  Halama  et  al^  have  adapted  the  mechanism  which  was 
originally  proposed  by  Dexter  to  treat  the  e-e  (electronic-to-electronic)  energy  transfer  to 
that  of  the  e-v  transfer.  According  to  this  theory,  the  transition  of  the  system  from 
|/  >  =  |p;  =  0  >  to  [/■  >  =  |s;z/  =  n  >  occurs  as  the  result  of  the  dipole-dipole 

coupling  given  by: 

H'  =  [mcn  ■  A^F  -  3(R  •  aIcn)(R  •  /2F)/R']/eR^  (1) 

Here,  R  is  the  distance  between  CN“  and  the  F  center  and  e  is  the  dielectric  constant.  The 
e-v  transition  probability  is  obtained  with  the  matrix  element  of  //'  between  the  initial  and 
final  states.  A  numerical  evaluation  of  the  matrix  element  would  be  complex 

mainly  because  of  that  of  jjLc^,  due  to  the  complexity  of  its  wavefunction.  Halama  et  al. 
have  assumed  that  the  electronic  structure  of  CN“  does  not  change  with  the  F  center  in  the 
ground  and  excited  states,  which  is  contrary  to  our  finding  of  very  strong  dependence  of 
//CN  on  the  F  center  state.  We  believe  that  there  is  a  strong  /Icn  •  Mf  coupling  in  CsCl  and  a 
weak  one  in  KCl.  The  stronger  excitation  obtained  in  CsBr(CN~)  with  absorption  into  the 
Fh(1)  band  (the  py-like  state)^  can  be  analyzed  in  terms  of  the  anisotropy  contained  in  //'. 
We  expect  the  vector  of  (z|//cn1/)  to  be  along  the  molecular  axis.  With  the  excitation  of  the 
Fh(2)  band,^/2F  of  the  F  electron  would  be  perpendicular  to  /Icn  resulting  in  //'  =  0 
effectively  (R  is  also  along  the  molecule  axis).  With  the  Fh(1)  band  on  the  other  hand,  /If 
is  parallel  to  /Icn^  thereby  resulting  in  ^  0  and  we  expect  a  stronger  e-v  transfer.  We 
have  presented  several  aspects  of  the  e-v  transfer  in  the  defect  system  Fh(CN“).  It  seems 
that  the  NRT  process  between  the  excited  and  ground  states,  as  demonstrated  in  the 
calculated  APES  of  Figure  1,  is  an  important  element.  At  the  same  time  the  calculated 
dipole  moment  //cn  which  depends  strongly  on  the  F  electron  state  indicates  the 
importance  of  the  dipole-dipole  coupling.  In  this  sense  the  two  mechanisms  presented  in 
this  work  are  complementary. 
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POINT  DEFECT  INTERACTION  IN  ALKALI 
HALIDE  CRYSTALS 
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Molecular  statics  method  is  used  to  determine  the  energy  and  configuration  peculiarities  of  vacancy-bi vacancy 
interaction  in  alkali  halide  crystals.  It  is  shown  that  high  level  of  local  vacancy  supersaturation  defines  the 
possibility  of  cluster  formation.  The  study  of  carrier  traps  by  luminescence  methods  is  used  to  reveal  vacancy 
clusters. 

Key  words:  point  defect,  vacancy,  vacancy  cluster,  thermoluminescence. 


1  INTRODUCTION 

It  was  known  that  concentration  of  single  vacancies  measured  by  means  of  radiation 
coloration  is  by  an  order  of  magnitude  smaller  than  the  total  vacancy  concentration 
determined  using  flotation  method  [1].  This  confirms  the  assumption  that  clusters  are 
specific  vacancy  formations. 

The  development  of  computer  methods  for  the  calculation  of  crystal  lattice  parameters 
allows  to  perform  a  detailed  investigation  of  the  initial  stages  of  point  defect  aggregation  in 
alkali  halides  which  is  the  aim  of  the  present  research.  Crystals  with  NaCl  and  CsCl  type 
lattice  have  been  chosen  as  the  objects  of  the  study.  The  calculations  are  made  for  KCl  and 
Csl,  since  their  single  point  defect  characteristics  physical  have  been  studied  in  detail  [2]. 
Another  aim  of  this  study  is  to  develop  nondirect  methods  of  vacancy  and  vacancy  clusters 
separation. 


2  POINT  DEFECTS  SIMULATION 

The  energies  of  various  defect  configurations  have  been  calculated  by  means  of  the 
program  MOLSTAT  [3]  using  the  same  parameters  of  interionic  interaction  potentials  as  in 

[4]- 

An  active  interaction  of  the  single  Va  and  Vc  must  lead  to  a  gradual  prevalence  of 
bivacancies  VaV“  Therefore  the  main  way  of  point  defect  aggregation  is  to  be  associated 
with  the  unification  of  divacancies.  The  simplest  forms  of  such  a  unification  leading  to  the 
appearance  of  tetravacancies.  There  are  at  least  10  various  forms  of  such  pairs  for  KCl.  The 
formation  energies  for  the  tetravacancy  configurations  are  in  the  region  from  2.30  eV  to 
3.48  eV,  i.e.  some  times  the  energy  of  the  tetravacancy  E4V  is  smaller  in  comparison  with 
2  (£v/v,-  =  1-55  eV)  and  some  times  is  higher. 

Figure  1  ^shows  the  variation  of  the  barrier  value  accompanying  the  junction  of  two 
bivacancies  along  the  direction  <100>  perpendicular  to  the  axis  of  VaVc.  Such  an 
interaction  profile  testifies  to  a  certain  repulsion  of  the  defects.  Therefore  the  junction  of 
bivacancies  cannot  lead  to  the  formation  of  tetravacancies  in  KCl  crystals.  As  shown  by 
calculations  similar  situation  takes  place  in  Csl,  too.  In  other  words,  in  both  Csl  and  KCl 
crystals  the  junction  of  two  bivacancies  resulting  in  the  formation  of  a  tetravacancy  is 
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hardly  probable,  since  in  any  case  the  barrier  between  neighbouring  VaV“  must  be 
overcome.  It  seems  probable  that  vacancies  may  be  positioned  at  certain  distance  from 
each  other  and  form  vacancy  clusters. 

It  is  obvious  that  vacancy  clusters  stability  is  limited  because  the  final  stable  form  has  to 
correspond  to  the  transformation  of  single  point  defects  into  dislocation  loops,  micropores. 
Probably  it  is  possible  to  eliminate  any  traces  of  vacancies  due  to  thermal  annealing.  It  will 
depends  on  the  parameters  of  interaction  between  bivacancies  and  single  (charged) 
vacancies. 

The  first  stage  of  the  junction  of  v^  and  v^  is  associated  mostly  with  the  Coulomb 
interaction.  The  next  stage  which  consists  in  the  junction  of  charged  anionic  or  cationic 
vacancies  to  neutral  divacancies  was  studied  and  stability  of  trivacancies  was  considered 
using  the  same  method  as  described  for  the  case  of  tetravacancy  formation. 

The  calculations  of  the  variation  of  bivacancy-vacancy  system  energy  for  all  possible 
locations  of  both  Va  and  Vc  with  respect  to  the  bivacancy  show  the  potential  relief  around 
bivacancy.  In  the  KCl  crystal  lattice  any  direction  of  the  migration  of  a  single  vacancy 
requires  to  overcome  the  barrier  up  to  0.53  eV,  though  sometimes  its  value  is  small 
(+  0.05  eV).  The  construction  of  the  similar  potential  relief  around  divacancies  in  Csl 
reveals  ‘valleys’.  Moving  along  the  latter  single  vacancies  may  join  with  bi-,  thre-  and 
tetravacancies. 
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3  EXPERIMENTAL  RESULTS 

The  investigation  of  the  thermo-optical  properties  of  the  crystals  irradiated  with  ionizing 
radiation  was  used  for  studying  the  state  of  the  vacancy  subsystem.  The  thermostimulated 
luminescence  (TL)  of  KCl  crystals  with  vacancy  defects  introduced  by  different  methods 
was  studied.  The  variation  of  bivacancy  concentration  has  been  detemuned  using  the 
method  of  radiation  coloration. 

Figure  2  shows  the  TL  curves  for  the  crystals  KCl  subjected  to  deformation.  The  crystal 
deformation  leads  to  the  appearance  of  an  intensive  «deformation»  peak  in  the  region  250- 
280°C.  This  peak  is  a  superposition  of  several  elementary  ones  and  after  the  crystal 
annealing  this  peak  is  split  at  least  into  two  ones  with  T^,  =  26°C  (I)  and  T^,  =  285  C  (II). 
In  absorption  spectra  no  additional  increase  of  F-band  absorption  intensity  has  been 
revealed.  Thus,  in  the  deformed  crystals  (the  curve  a  in  Figure  3)  the  intensification  of 
F-coloration  corresponds  to  the  appearance  of  about  lO'^  cm  ^  additional  bivacancies, 
whereas  the  annealing  of  the  sample  at  350°C  during  2  hours  restores  the  equilibrium 
bivacancy  concentration.  This  means  that  I  and  II  high  temperature  peaks  (Figure  2,  the 


FIGURE  2  The  influence  of  deformation  and  heat  treatment  on  the  shape  and  intensity  of  TL  peaks  in 
KCl.  Dose  2  Mrad  (^°Co).  (1)  Initial  crystal;  (2)  strain  e  =  2.6%;  (3)  £  =  2.6%  and  annealed  at  350°C,  2  h; 
(4)  irradiated  after  measuring  curve  3;  (5)  100  Mrad  dose  (^*^Co)  and  annealed  (300°C,  15  min)  and 
additionally  irradiated  with  1  Mrad. 
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FIGURE  3  The  dependences  of  additional  coloration  in  F-band  ( 1 )  AKf  and  (2)  intensity  of  anomalous  TL  peak 
In  on  the  post-deformation  annealing  time  of  KCl.  e  =  2.6%,  Ta  =  350°C,  2  Mrad.  Inset:  absorption  spectra 
of  crystals  a)  deformed  and  b)  annealed  (350°C,  2  h)  after  deformation. 


curve  3)  are  not  connected  with  the  presence  of  single  vacancies  in  the  crystal.  This 
conclusion  may  be  confirmed  by  the  fact  that  we  have  not  revealed  any  correlation 
between  the  variation  of  the  intensity  of  the  high  temperature  TL  peak,  induced  by  the 
annealing  and  the  kinetics  of  bivacancy  concentration  recovery  (Cv^v^  ~  AKf)  (Figure  3). 
It  is  only  the  annealing  at  T  >  400°C  completely  restoring  the  crystal  density  that  leads  to 
the  disappearance  of  the  «deformation»  TL  peak. 

The  curve  4  (Figure  2)  presents  the  TL  spectrum  for  the  sample  irradiated  with  the 
doses  up  to  100  Mrad  and  then  annealed  at  300° C  during  15  min.  This  sample  is  also 
characterized  by  the  presense  of  the  high-temperature  TL  peak  similar  to  that  observed  in 
the  deformed  crystals. 

When  the  concentration  of  vacancies  essentially  exceeds  the  equilibrium  value  the 
behaviour  of  the  vacancy  subsystem  cannot  be  described  in  the  frames  of  the  idea  of 
charge  earner  capture  by  single  vacancies.  The  recovery  of  the  equilibrium  concentration 
of  vacancies  is  conditioned  first  by  their  sink  into  clusters.  The  thermal  stability  of  vacancy 
clusters  within  a  fixed  temperature  range  also  testifies  to  a  regular  character  of  such 
structure  defects.  The  described  peculiarities  of  TL  are  associated  with  charge  carrier 
capture  by  vacancy  clusters.  The  nonelementary  shape  of  the  high-temperature  TL  peaks  is 
evidently  conditioned  by  a  variety  of  cluster  types. 
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4  CONCLUSION 

The  obtained  results  testify  that  the  interaction  of  vacancies  in  alkali  halide  crystals  has  a 
rather  complex  character.  The  process  of  defect  approach  to  a  distance  of  about  a  lattice 
parameter  is  connected  with  the  necessity  to  overcome  a  barrier.  This  peculiarity  of  point 
defect  interaction  leads  to  the  fact  that  even  if  the  crystals  are  greatly  supersaturated  with 
vacancies  the  junction  of  the  latter  resulting  in  the  formation  of  micropores  does  not  take 
place.  The  value  of  the  energy  barrier  to  be  overcome  for  the  junction  of  vacancies  defines 
the  level  of  stability  of  vacancy  clusters  which  are  metastable  formations. 

The  TL  investigations  of  KCl  crystals  with  a  high  content  of  excessive  vacancies  reveal 
the  light  sum  accumulation.  The  nonelementary  character  of  high  temperature  TL  peaks 
points  to  the  variety  of  stable  cluster  forms. 
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ULTRAFAST  RELAXATION  OF  CENTRE  IN 

KBr:OH- 
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In  this  paper  we  present  measurements  of  the  lifetime  of  the  optical  cycle  of  the  center  in  KBriOIT  obtained 
by  means  of  a  pump  and  probe  technique  with  picosecond  resolution.  Different  behavior  has  been  observed  before 
and  after  the  F  — >  F//  conversion.  The  temperature  dependence  of  the  nonradiative  process  shows  that  its 
activation  energy  is  of  about  100  cm'\  the  same  order  of  magnitude  of  the  local  mode  energy  of  the  F  center. 

Key  words:  Ultrafast  spectroscopy,  Color  centers,  Alkali  halides,  Nonradiative  processes. 


1.  INTRODUCTION 

The  F  centers  in  KBr  show,  under  optical  excitation,  a  radiative  decay  with  lifetime  of  the 
order  of  microseconds.  The  presence  in  the  crystal  of  OH“  molecular-ions  impurities 
reduces  strongly  the  quantum  efficiency  of  the  luminescence.^  The  deexcitation  occurs 
through  very  rapid  nonradiative  channels  (of  the  order  of  picoseconds)  whose  origin  is  not 
yet  completely  clear.^’^ 

The  experimental  analysis  of  nonradiative  processes  can  be  carried  out  studying  the 
recovery  of  the  ground  state  population  after  optical  excitation  by  means  of  measurements 
of  the  transient  induced  transparency. 

Here  we  present  some  results  on  nonradiative  processes  of  F  and  F^  (OH“)  centers  in 
KBr.  In  particular,  we  studied  the  recovery  times  for  this  system  as  a  function  of  the 
temperature  and  of  the  aggregation  state  of  the  centers  (F  ^  F^). 


2  EXPERIMENTAL  DETAILS 

KBr  samples  were  grown  doping  the  melt  with  KOH  in  concentration  of  0.5  or  1  mol  %. 
These  crystals  have  been  additively  colored  in  order  to  produce  F  centers  in  a 
concentration  of  about  10^^  centers/cm^.  The  samples  have  been  exposed  to  monochro¬ 
matic  light  (600  nm)  at  a  temperature  of  243  K  for  some  minutes  in  order  to  convert  the  F 
in  Fh  centers,  that  is  an  F  center  with  an  OH‘  molecule  as  next  nearest  neighbor.  The 
conversion  has  been  checked  by  measuring,  before  and  after  the  irradiation,  the  low 
temperature  (T  ~  10  K)  absorption  spectra. 

In  the  induced  transparency  technique,  a  first  laser  pulse  {pump)  promotes  some  centers 
from  the  ground  to  the  excited  state;  a  second  delayed  pulse  (probe)  measures  the  ground 
state  population.  Information  on  the  dynamics  of  the  centers  are  obtained  from  the  time 
evolution  of  the  induced  transparency. 

Laser  pulses  of  3  ps,  wavelength  of  600  nm  and  peak  power  of  about  200  W  are 
provided  by  a  dye  laser  synchronously  pumped  by  the  2"^*  harmonic  of  a  mode-locked 
Nd:YAG  laser  (high  frequency  repetition  rate  of  76  MHz). 


*  Permanent  Address:  Dipartimento  di  Matematica  e  Fisica,  Universita  di  Camerino,  62032  Camerino 
(MC)  —  Italy 
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FIGURE  1  Absorption  band  peak  energy  of  F  centers  in  KBr:OH"  before  V  Fh  conversion,  as  a  function  of 
the  temperature  for  two  different  OH"  concentration.  Full  line  and  dashed  line  report  the  energy  peak  for  F  and 
Fh  center  respectively  after  Ref.  [4]. 

A  detailed  description  of  the  experimental  apparatus  and  of  the  double  modulation  lock- 
in  amplifier  detection  system  can  be  found  in  Ref.  [2]. 


3  RESULTS  AND  DISCUSSION 

Preliminary  absorption  measurements  on  samples  with  two  different  concentrations  of 
OH“  ions  as  a  function  of  the  temperature  have  been  carried  out  to  verify  the  type  of 
centers  in  the  samples.  In  agreement  with  previous  results'^  we  found  that  the  KBr:OH“ 
samples  do  not  show  presence  of  Fh  centers,  even  for  high  concentrations  of  OH“  ions, 
unless  they  have  been  optically  converted. 

The  presence  of  the  Fh  centers  is  monitored  through  the  measurement  of  the  peak  of  the 
absorption  band,  whose  temperature  dependence  is  shown  in  Figure  1.  All  data  of  doped, 
but  not  converted,  samples  follows  the  curve  of  the  normal  F  centers  in  pure  KBr  and  not 
that  of  the  Fh  centers. 

The  induced  transparency  depends  strongly  upon  the  numbers  of  Fh  centers  present 
after  aggregation.  This  number  can  be  varied  by  changing  the  i^-light  irradiation  time.  For 
low  Fh  concentration,  the  recovery  time  at  LNT  results  hundreds  of  picoseconds,  while  in 
the  case  of  higher  Fh  concentration  it  is  of  the  order  of  tens  of  picoseconds,  as  shown  in 
Figure  2. 

In  both  cases  an  induced  transparency  signal  remains  for  times  much  longer  than  those 
measurable  with  the  variable  delay  line  (1.3  ns).  The  origin  of  this  slow  temporary 
bleaching  is  still  unclear  and  might  be  due  to  optical  conversion  between  centers'^  or  to 
some  kind  of  Fh  Fh~  conversion. 
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FIGURE  2  Induced  transparency  in  KBr:OH'  1  mol%  at  77  K,  (a)  with  partial  F  Fh  conversion;  (b)  after 
complete  conversion. 


A  complete  series  of  decay  measurements  was  performed  as  a  function  of  temperature. 
All  curves  show  the  simultaneous  presence  of  two  phenomena.  The  slower  one,  as 
indicated  above,  shows  up  only  as  a  large  background  contribution.  The  faster  one  is 
temperature  dependent.  In  particular  the  recovery  time  is  constant  200  ps)  up  to  40  K 
and  becomes  shorter  on  increasing  temperature,  reaching  the  limit  value  of  our  apparatus 
of  about  10  ps  at  150  K.  The  recovery  times  are  shown  in  the  Arrhenius  plot  of  Figure  3. 
This  plot  allows  us  to  calculate  the  thermal  activation  energy  of  the  process 
AE  ^  100  cm~^ 

The  value  of  this  activation  energy  is  of  the  order  of  magnitude  of  the  local  mode 
energy  of  the  F  center  in  alkali  halides  and  one  can  suppose  a  configurational  coordinate 
scheme  for  F//(OH“)  center  in  which  a  low  lying  crossing  point  between  the  ground  and 
the  excited  state  allows  nonradiative  transition  between  the  RES  and  the  ground  state. 
These  tunneling  processes  are  responsible  for  the  almost  constant  values  of  the  recovery 
time  below  40  K.  For  higher  temperatures,  the  Ffj  centers  in  the  electronic  excited  state 
can  occupy  higher  vibrational  levels  with  the  consequent  decrease  of  the  potential  barrier. 
As  a  result,  an  easier  tunneling  takes  place:  the  higher  the  temperature,  the  faster  the 
recovery  of  the  ground  state  population. 

An  other  thermal  activated  process  has  been  observed  for  /'center  in  KCl:OH“^  and  in 
KBr:OH“^.  The  activation  energy  is,  in  both  cases,  approximately  equal  to  the  librational 
energy  of  the  OH“  ion.  However  we  suppose  that  this  higher  activation  energy  reflects  a 
different  radiationless  transition  involving  F  center  and  OH“  ion  far  apart.  Indeed  a  longer 
recovery  time  is  sometime  observed  in  the  case  of  uncomplete  F  — >  Ffj  conversion. 
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FIGURE  3  Arrhenius  plot  of  the  experimental  values  of  the  faster  recovery  time  r  vs.  1/T. 
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The  configuration  of  centres  in  KF:Na*^  crystals  has  been  studied  by  means  of  spectroscopic  measurements. 
The  F^(Na)  dipoles  are  found  to  lie  along  the  crystal  axes,  and  this  result  is  interpreted  as  the  consequence  of  an 
on-centre  position  of  the  Na'*'  ions  in  the  lattice  of  KF,  in  good  agreement  with  theoretical  expectations. 

Key  words:  F^  centres,  Off-axis  configuration,  KF:Na'''. 


1  INTRODUCTION 

Optical  studies,  carried  out  on  crystals  of  various  alkali  halides,  showed  that  an  off-centre 
position  of  Li"^  impurity  ions  in  the  lattice  corresponds  to  an  off-axis  configuration  of  the 
F^(Li)  centre,  formed  by  aggregation  of  the  Li"^  ion  with  an  F  centre.  Such  a  tilt  of  the 
F^(Li)  dipoles  with  respect  to  the  crystal  axes  can  be  evaluated  from  their  photostimulated 
reorientation  through  absorption  or  luminescence  measurements.'  However,  the  physical 
description  of  the  F^(Li)  reorientation  kinetics  must  take  into  account  not  only  the  off-axis 
geometry  of  the  centres,  but  also  the  overlap  of  the  F^i  and  ¥^2  absorption  bands.^ 
Experimental  values  for  the  tilt  angle  of  F^(Li)  dipoles,  derived  from  optical 
measurements  by  means  of  an  interpretation  based  on  the  above  approach,  were 
determined  in  several  systems  and  found  in  quantitative  agreement^  with  the  values 
deduced  from  theoretical  calculations,  based  on  the  shell  model  potentials,  of  the  off-centre 
displacement  of  the  Li”^  ion.  In  the  frame  of  an  investigation  on  aggregate  centres  in  Na"^- 
doped  crystals  of  KF,  some  measurements  were  specifically  devoted  to  the  determination 
of  the  possible  off-axis  geometry  of  such  defects.  The  results  are  reported  in  this  work. 


2  EXPERIMENTAL  PROCEDURE  AND  RESULTS 

Samples  of  KF:Na'^  (0.25  mole  %  of  the  impurity  in  the  melt)  were  additively  coloured 
and  contained  typically  about  F  centres/cm^.  The  optical  conversion  to  F^(Na) 
centres  has  been  performed  at  -40° C  by  irradiation  with  438  nm  light  (namely  in  the  F 
absorption  band).  The  luminescence,  excited  by  the  various  lines  of  an  Ar  ion  laser,  was 
revealed  in  the  range  500-1200  nm  by  a  cooled  RCA7102  photomultiplier  and  in  the  range 
1600-2500  nm  by  a  cooled  PbS  detector. 

Figure  1  shows  the  azimuthal  dependence  of  the  F^(Na)  luminescence.  As  it  has  been 
already  reported,"'  the  F^(Na)  centres  in  KF  exhibit  two  different  emissions  depending  on 
the  crystal  temperature:  the  first  one,  peaking  at  920  nm  (halfwidth  0.38  eV),  is  thermally 
quenched  and  vanishes  above  50  K,  whereas  the  second  one,  peaking  at  2100  nm 
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FIGURE  1  Azimuthal  dependence  of  the  F^(Na)  emission  intensity  in  KF. 


(halfwidth  0.08  eV),  increases  with  temperature  in  the  range  50-150  K.  Data  of  the 
emission  intensity  are  plotted  as  a  function  of  the  angle  ^  formed  by  the  polarization 
direction  of  the  exciting  light  with  the  vertical  axis  in  the  front  face  of  the  crystal.  The 
experimental  points,  describing  bell-shaped  curves,  are  fitted  by  equations  6  and  10  of  Ref. 
2  with  three  free  parameters:  the  normalization  factor  K,  dependent  on  the  specific 
experimental  conditions,  the  off-axis  angle  6  and  the  ratio  R  of  the  absorption  cross 
sections  for  F^i  and  F^2  transitions  at  the  pumping  wavelength.  The  results  for  the  last  two 
physical  parameters  are  summarized  in  Table  I.  The  values  for  R  are  in  very  good 
agreement  with  the  experimentally  observed  overlap  of  F^i  and  F^2  absorption  bands  at 
the  various  temperatures  and  pumping  wavelengths.  The  values  for  0  are  remarkably 
reproducible  in  all  measurements  and  almost  negligible  within  the  uncertainties,  so 
indicating  that  the  F^(Na)  dipoles  are  practically  almost  completely  aligned  along  the 
crystal  axes.  As  a  consequence,  the  Na"^  ions  in  are  to  be  necessarily  considered  in  an 
on-centre  position. 


Table  I 

Overlap  R  between  F^i  and  F^2  absorption  bands  and  off-axis  angle  6  in  KFiNa'*' 
obtained  from  luminescence  measurements. 


Emission 

(nm) 

Temperature 

(K) 

Excitation 

(nm) 

R 

e 

(degrees) 

2100 

50 

488 

14.5  ±0.1 

1.0  ±  0.7 

2100 

104 

476 

19.5  ±  0.4 

0.9  ±  0.8 

920 

2 

488 

3.9  ±0.1 

1.0  ±0.4 

920 

2 

457 

0.3  ±0.1 

0.8  ±  0.5 
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3  DISCUSSION  AND  CONCLUSIONS 

The  results  obtained  in  the  above  experiments  show  that  Na+  ions,  substitutionally 
replacing  ions  in  the  lattice  of  KF,  occupy  regular  lattice  sites  and  therefore  are  not 
shifted  to  off-centre  positions.  Such  a  conclusion  can  be  compared  with  the  predictions  of 
theoretical  calculations  concerning  the  configuration  of  alkali  impurity  ions  in  alkali 
halides.  Most  of  the  theoretical  work  deals  with  Li"^  ions,  because  their  small  size  favours 
in  some  systems  the  off-centre  displacement.  However,  some  calculations  were  extended 
to  the  case  of  Na“^  ions  in  KF  crystals  and  can  be  used  here.  The  polarizable  point  ion 
model,  widely  adopted  to  describe  the  interactions  between  nearest  neighbours  induced  by 
the  impurity  displacement,  leads  in  the  case  of  KF  to  some  interesting  conclusions. 
Whereas  an  off-centre  position  of  Li+  ions  is  strongly  favoured  because  of  the  occurrence 
of  pronounced  minima  in  the  potential  energy  curve  far  from  the  normal  site,  Na+  ions 
exhibit  a  flat  potential  region  around  the  lattice  position  and  are  then  allowed  to  be  on- 
centre  or  to  undergo  a  small  off-centre  displacement  with  equal  probabilities.^  The 
alternative  shell  model,^  modified  by  using  suitable  interionic  potentiis  in  order  to  take 
into  account  the  elastic  properties  of  the  crystal  lattice,^  gives  a  more  drastic  indication: 
Na“^  ions  in  KF  are  definitely  on-centre,  at  odd  with  LU  ions  which  again  find  their 
equilibrium  configuration  in  off-centre  position.^  In  conclusion,  all  theoretical  predictions 
are  in  excellent  agreement  with  our  experimental  results  in  KFiNa"*",  which  is  a  further 
support  to  the  validity  of  both  kinds  of  approach.  In  order  to  update  the  situation 
concerning  the  off-axis  configuration  of  F^  centres  in  alkali  halides.  Table  11  shows  the 
comparison  between  all  experimental  results  and  the  corresponding  calculated  values  of 
the  off-axis  angle  in  various  systems.  It  is  worth  to  remark  the  veiy  good  agreement 
between  our  results  and  the  shell  model  predictions  in  all  materials  investigated  up  to  now. 


Table  H 

Theoretical  and  experimental  values  for  the  off-axis  angle  (degrees)  of  F^  centres. 


Crystal 

Theory 

Experiment 

a 

b 

c 

d 

KCl:Li+ 

5.4 

11.9 

14.6 

5  ±  1 

RbCI:Li+ 

9J73.5 

7-±  1 

KF:Li+ 

12.3 

14.0 

11.9 

14  ±2 

KF:Na+ 

0.0 

- 

<  6.0 

0.9  ±  0.5 

a:  Ref.  7;  b:  Ref.  6;  c:  Ref.  5;  d:  Ref.  3  and  this  work. 
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TRIPLET  STATE  OF  ¥3^  IN  LiF 
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Alkali  halide  crystals  with  intrinsic  color  centers  are  suitable  media  for  solid  state  tunable  lasers,  and  among  them 
LiF  is  one  of  the  most  popular  because  of  its  good  physical  and  optical  qualities.  The  centers  in  this  host 
crystal  have  absorption  and  emission  properties  with  unusual  time  evolution  effects  after  excitation.  In  order  to 
clarify  this  particular  optical  cycle  we  investigated  a  7-irradiated  LiF  crystal  containing,  besides  F  centers,  mainly 
Fb**"  centers.  The  behaviour  of  emission  and  absorption  as  a  function  of  temperature  and  pumping  power  confirms 
the  existence  of  a  triplet  state. 

Key  words:  LiF,  Color  Centers,  Luminescence,  Laser  Material,  Triplet  State. 


1  INTRODUCTION 

The  search  for  solid-state  optically  active  media  capable  of  generating  radiation  tunable  in 
a  wide  spectral  range  is  under  way  since  long  time,  and  alkali  halide  crystals  with  color 
centers  are  well  known  to  be  suitable  media.  ^  Colored  LiF  crystals  are  often  preferred 
among  them  because  they  are  not  damaged  by  moisture,  are  more  stable  optically  and  can 
be  operated  at  room  temperature.^  However  also  in  these  crystals  there  are  some 
degradation  effects  under  intense  optical  pumping.  Up  to  now  these  effects,  which  cause 
efficiency  losses  in  laser  systems,  have  not  widely  investigated,  while  their  understanding 
is  very  important  for  choosing  the  best  pumping  scheme  and  for  basic  research. 

The  excitation  at  ~  450  nm  of  colored  LiF  crystals  produces  a  green  emission  band 
peaked  at  530  nm  and  a  red  one  at  670  nm  attributed  to  the  ¥3^  and  F2  centers  respectively,^ 
which  have  the  absorption  bands  almost  coincident.  This  fortuitus  overlapping  provides  the 
possibility  of  obtaining  simultaneous  lasing  in  the  green  and  red  spectral  regions,"^  but 
hinders  a  laser  emission  of  color  centers  alone.  The  use  of  ionizing  radiation  for 
coloring  LiF  crystals  at  RT  produces  a  concentration  of  F2  centers  higher  than  that  of  Fa'^, 
and  so  in  order  to  increase  the  efficiency  of  lasing  in  the  green  region  of  the  spectrum  or  to 
study  the  green  emission  without  optical  interactions,  it  is  necessary,  at  the  initial  stage  of 
preparation  of  the  active  medium,  to  reduce  the  number  of  F2  centers."^’^ 

Aim  of  the  present  work  is  to  investigate  the  absorption  and  emission  properties  of  F^^ 
centers  in  LiF  crystals  under  pumping  with  a  continuous  Ar"^  laser  light  at  457  nm  as  a 
function  of  temperature  and  pump  intensity.  Apart  the  basic  knowledge  gained  in  this 
search,  it  is  very  interesting  to  verify  whether  F3‘^  centers,  which  are  known  to  lase  under 
pulsed  pumping,^  can  also  lase  under  cw  pumping. 


2  EXPERIMENTAL. 

The  F2,  F3-^  and  other  color  centers  (F,  F3)  in  LiF  were  produced  at  dry  ice  temperature 
with  7  rays  from  a  Co^^  source.  Sample  dimensions  were  about  (20  x  40  x  2)  mm^.  A 
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crystal  containing  mainly  F  and  centers  was  obtained  by  destroying  the  F2  centers  at 
RT  with  the  308  nm  light  from  an  excimer  laser.^ 

Emission  measurements  were  taken  in  a  collinear  geometry  of  the  pumping  source  and 
detector  with  the  sample  placed  in  a  variable  temperature  cryostat.  The  457  nm  line  of  an 
Ar"^  laser  was  used  to  excite  color  centers,  and  a  photomultiplier  with  S20  response 
monitored  the  emission  filtered  by  a  25  cm  focal  length  monochromator.  The  pumping 
light  was  modulated  by  a  chopper  and  the  signal  analyzed  by  the  lock-in  technique  and 
acquired  by  an  A/D  system.  Absorption  spectra  were  performed  by  using  a  Perkin  Elmer 
330  spectrophotometer. 

The  luminescence  spectra  were  recorded  at  different  powers  and  temperatures  under  cw 
excitation.  During  these  measurements  a  change  in  the  color  of  the  light  emitted  from  the 
crystal  was  clearly  observed.  The  change  occurs  during  the  first  seconds  after  the 
excitation,  and  strongly  depends  on  the  pump  intensity  and  temperature.  The  time 
evolution  of  the  luminescence  intensity  was  monitored  after  switching  on  the  excitation 
light  with  a  mechanical  shutter.  An  example  of  the  time  evolution  of  F3'^  emission  at 
530  nm  after  switching  on  the  457  nm  excitation  is  shown  in  Figure  1  at  RT  (a)  and 
LNT  (b).  The  initial  intensity  decays  exponentially  towards  a  steady-state  value  while  the 


FIGURE  1  Time  evolution  of  the  emission  intensity  (normalized)  under  cw  excitation  with  42.5  mW  of 
the  457  nm  line  of  an  Ar"^  laser  at  RT  (a)  and  LNT  (b). 
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pumping  power  is  kept  constant.  This  behaviour  is  similar  for  all  the  pumping  powers  but 
with  different  time  scales.  A  comparison  between  the  initial  (transient),  a,  and  the  final 
(stationary),  b,  values  of  the  spectral  emission  intensity  at  RT  is  reported  in  Figure  2. 

The  time  evolution  of  the  absorption  band  after  switching  on  and  off  the  laser  exciting 
light  has  also  been  investigated.  The  absorption  was  measured  at  460  nm,  and  the  457  nm 
line  of  an  Ar'^  laser  was  used  to  excite  the  centers  from  the  ground  to  the  first  excited 
state.  After  switching  on  the  laser,  the  sample  absorption  decreases  to  a  new  equilibrium 
value.  The  removal  of  the  laser  light  results  in  a  spontaneous  recovery  toward  the  initial 
value  of  the  absorption  as  shown  in  Figure  3  at  RT  (a)  and  LNT  (b). 


3  CONCLUSION 

Previous  investigations  in  colored  LiF  ciystals"^’^  suggested  the  existence  of  a  triplet  state 
with  characteristic  lifetimes  of  a  few  seconds.  The  time  evolution  of  the  luminescence  and 
absorption  of  our  LiF  sample  containing  mainly  F^^  and  F  centers  fully  supports  this 
model.  The  absorption  of  a  photon  by  an  F^^  center  in  the  ground  state  excites  it  to  a 
higher  singlet  state,  from  where  it  relaxes  to  the  relaxed  excited  state.  Afterwards  the 
center  can  either  decay  radiatively  to  the  ground  state  or  transfer  itself  to  a  triplet  manifold 
state  with  a  radiationless  transition.  Eventually  after  some  time  the  F^^  center  reaches 
again  the  ground  state.  The  kinetics  of  this  last  transition  has  been  evidentiated  by  the 
transient  absorption  measurements  as  those  reported  in  Figure  3.  The  recovery  time  of  the 
absorption  should  be,  accordingly  to  the  previous  model,  the  inverse  exchange  rate 


FIGURE  2  Transient  (a)  and  stationary  (b)  luminescence  spectra  of  F3’*'  centers  in  LiF  under  cw  excitation  with 
42.5  mW  of  the  457  nm  line  of  an  Ar'*'  laser  at  RT. 


Temperature  (K) 


FIGURE  4  Temperature  dependence  of  the  absorption  recovery  time  after  switching  off  the  Ar*  laser. 
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between  triplet  state  and  ground  state.  The  experimental  values  of  the  recovery  time  at 
different  temperatures  are  shown  in  Figure  4,  and  they  suggest  that  a  multiphonon  process 
is  at  work. 

Moreover  a  first  analysis  of  systematic  experimental  data  shows  that  absorption  and 
emission  are  strongly  affected  by  the  intensity  of  the  exciting  laser  and  the  temperature, 
which  implies  an  involvement  of  a  triplet  state  in  the  optical  cycle. 

Such  metastable  state  does  not  allow  to  maintain  a  high  population  in  the  upper  singlet 
state  especially  at  RT,  and  this  is  the  main  reason  of  the  degradation  of  the  ¥3^ 
luminescence  intensity  at  RT  by  increasing  the  power  of  excitation.  As  a  consequence  it  is 
practically  impossible  to  obtain  cw  lasing  of  F3'^  centers  at  RT,  but  our  data  indicate  that 
such  possibility  may  exist  at  lower  temperatures. 
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OPTICAL  PROPERTIES  OF  F  AND  F+  TYPE 
CENTERS  IN  BARIUM  /5-ALUMINA 
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X-ray  induced  F  and  F+  type  centers  in  the  conduction  planes  of  Ba^’^  /?-alumina  are  characterized  by  optical 
absorption,  Electron  spin  resonance  (ESR)  and  time  resolved  fluorescence  spectroscopies.  These  two  centers 
exhibit  similar  optical  absorption  properties,  although  F  centers  are  optically  bleached  by  UV  irradiation  while  F^ 
centers  are  relatively  stable  under  the  same  conditions.  The  latter  are  characterized  by  a  strong  fluorescence  at 
425  nm. 

Key  words’.  /^-Alumina,  F  and  F'''  centers,  Electron  Spin  Resonance,  Optical  Properties. 


1  INTRODUCTION 

j0-alumina  family  contains  well-known  superionic  conductors.  The  hexagonal  structure  of 
these  compounds  can  be  described  in  terms  of  two  spinel-like  blocks  separated  by  loosely 
packed  mirror  planes.  These  compounds  are  generally  non-stoichiometric,  and  an  excess 
of  cations  in  the  mirror  planes  is  compensated  by  an  excess  of  oxygen  ions.  The  interstitial 
0^“  ions  are  stabilized  by  two  aluminium  Frenkel  defects  in  the  spinel  blocks. 

This  linear  cluster  can  be  photolyzed  under  X-ray  irradiation,  resulting  in  a 
displacement  of  the  interstitial  oxygen  and  leaving  one  or  two  electrons  in  the  vacant 
site  according  to  the  following  mechanism; 

Ap+-02--Al3+--x-rays  AP+-e"-AP+(F+  center)-i-0" 


and  Al^+-0^  Al^+-e  e-Al^'^(F  center)+0° 

where  AP+  represents  the  interstitial  aluminium  ions  of  the  Frenkel  defects  in  the  spinel 
blocks.  Strickly  speaking,  the  two  electron  centers  are  not  pure  F+  and  F  centers  since  the 
vacant  site  is  that  of  an  extra  oxygen  ion  in  an  interstitial  site.  Both  the  0“  ion  and  the  F"*” 
type  center  have  been  characterized  by  ESR.^""^  The  oxygen  atom  formed  in  the  second 
reaction  is  thought  to  be  responsible  for  the  formation  of  superoxyde  ion  02“  in  Na“^  and 
K+  /?-alumina^  by  a  reaction  of  the  type^  +  0“  — >  02“.  The  thermal  stability  of  all 
these  centers  is  very  low  in  all  the  /3-dumina  compounds,^’"^  except  in  Ba^"^  /3-alumina 
where  the  centers  are  still  detectable  4  years  after  the  initial  x-ray  irradiation.  This  good 
stability  allowed  us  to  study  the  optical  properties  of  the  F"^  and  F  type  centers  in  this 
compound. 

The  spinel  blocks  of  /3-alumina  are  not  very  sensitive  to  irradiation  since  only  V  type 
centers  are  formed,  i.e.  holes  trapped  at  cationic  defects,  giving  a  yellow  or  brown  color  to 
the  crystal. 

2  OPTICAL  ABSORPTION  AND  ESR  SPECTROSCOPIES: 

F"*"  and  F  type  centers  are  characterized  by  broad  and  intense  absorption  bands  at  295  and 
261  nm  respectively.  On  Figure  2-a  is  presented  the  differential  optical  absorption 
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FIGURE  1  Temperature  dependence  of  the  defect  concentration  in  -^-alumina  measured  by  optical 
absorption  and  ESR  spectroscopy. 


ESR  INTENSITY  (arb.unir) 
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spectrum  of  centers  created  by  X-ray  irradiation  (difference  between  the  spectra  recorded 
before  and  after  irradiation).  An  optical  absorption  band  peaking  at  295  nm  represents  the 
^  transition  of  the  center.  In  addition  the  center  is  paramagnetic  and  can  be 
identified  by  its  ESR  spectrum.^""^  The  F  centers  are  diamagnetic  (electron  spin  S  =  0)  and 
are  only  characterized  by  an  absorption  band  peaking  at  261  nm  representing  the  ^ 
transition  of  this  center.  The  two  absorption  bands  strongly  overlap  in  the  U.V.  range. 
Correlations  between  optical  densities  and  ESR  intensities  leads  to  the  assignment  of  the 
centers  (see  Figure  1).  A  small  fraction  of  F  centers  are  thermally  converted  into  F"^  centers 
by  hole  trapping  from  V-type  centers  of  the  spinel  blocks,^  characterized  by  an  absorption 
band  at  472  nm.^  These  V  centers  exhibit  a  high  oscillator  strength,  therefore  they  are 
observed  on  the  absorption  spectrum  even  at  very  low  concentration.  At  temperature 
higher  than  770  K,  thermal  bleaching  of  F,  F"^  and  V  centers  is  accompanied  by  an  intense 
green  thermally  stimulated  luminescence  due  to  the  Mn^"^  impurities.^ 


3  FLUORESCENCE  SPECTROSCOPY 

Under  C.W.  excitation,  the  emission  spectrum  consists  mainly  in  a  band  around  425  nm 
(2.9  eV).  Increasing  the  temperature  leads  to  a  strong  decrease  of  the  fluorescence  intensity 
and  shifts  the  emission  towards  longer  wavelengths.  Both  the  F  and  F"^  centers  are  excited 
under  UV  illumination  at  266  nm  (fourth  harmonic  of  a  Q-switched  Nd:YAG  laser).  The 
emission  spectrum  is  presented  in  Figure  2.  The  F  centers  show  only  a  weak  emission 
around  500  nm  (2.5  eV)  attributed  to  the  ^P  — ^  transition  of  these  centers,  with  a 
fluorescence  lifetime  r  of  about  30  fxs.  The  fluorescence  of  F"^  centers  is  characterized  by 
the  strong  emission  band  at  425  nm  (^P  — >  transition)  with  a  short  lifetime  r  <  30  ns.  In 
addition  to  this  fluorescence,  the  F+  centers  present  also  a  temperature  dependent 
fluorescence  band  at  the  same  wavelength  with  a  lifetime  value  around  4  ms  at  room 
temperature.  Its  decay  profile  was  observed  with  an  intensified  Optical  Multichannel 
Analyser  (O.M.A),  a  few  microseconds  after  the  laser  excitation.  This  fluorescence  can  be 
attributed  to  the  result  of  the  thermal  ionization  of  a  shallow  donor  state,  followed  by  the 
electron  capture  by  a  F^"^  center  and  the  ^P  fluorescence  of  the  resulting  F"^  center 
summarized  as  follow: 


F^+  +  e'  ^  F+  +  hi/ 

F  centers  are  optically  bleached  after  a  short  excitation  time,  giving  F*^  centers  (detected  by 
ESR)  and  free  electrons  which  are  trapped  in  shallow  donor  states  while  the  F"^  centers  are 
relatively  stable.  The  long  time  stability  of  these  centers  against  UV  irradiation  is 
explained  by  a  good  balance  between  their  photo-ionization  and  their  formation  via 
photoionization  of  F  centers  according  to: 

F+  +  e” 

F  ^  F-^  +  e" 

These  absorption  and  emission  properties  from  the  two  centers  as  well  as  the  delayed 
emission  are  summarized  on  Figure  3.  From  our  experiments  it  was  not  possible  to  observe 
the  ^P  ^  allowed  transition  of  the  F  centers.  Therefore,  from  the  ^P  level  one  can 
expect  either  a  thermal  ionization  as  shown  in  this  paper  or  a  non-radiative  relaxation  to 
the  ^P  emitting  level  followed  by  the  ^P  emission  peaking  at  about  500  nm. 


0D-0D/7q  (arb.unif) 
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FIGURE  2  (a)  Differential  optical  absorption  spectrum  obtained  by  substraction  of  the  optical  density  after 
irradiation  and  thermal  bleaching  from  the  optical  density  just  after  irradiation,  (b)  Time  resolved  fluorescence 
spectra  (A  ex  =  266  nm).  Emission  spectra  have  been  recorded  at  various  time  delays  after  the  laser  excitation. 
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FIGURE  3  Schematic  presentation  of  the  energy  level  diagrams  for  F  and  F'*’  centers  in  barium  /5-Alumina. 


4  CONCLUSIONS 

F  and  F"**  type  centers  produced  by  displacement  of  the  interstitial  oxygen  ions  in  the 
mirror  planes  of  Ba^'^-ZJ-alumina  are  studied  by  Electron  spin  resonance,  optical 
absorption  and  time  resolved  fluorescence  spectroscopy.  F  centers  are  rapidly  bleached 
by  UV  irradiation  while  F"^  centers  are  relatively  stable.  Thus  the  formation  of  F  and  F“^ 
type  centers  by  ionizing  radiation  is  a  general  property  of  the  mirror  planes  of  ^-alumina 
compounds.  The  spinel  blocks  behave  like  other  ionic  oxides,  where  irradiation  produces 
mainly  V  type  centers. 
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Raman  and  XPS  measurements  have  been  performed  on  KI  crystals  irradiated  near  200  K.  The  Raman  studies 

show  13“  and  I„“  (n  —  5,  7, - )  clusters  which  anneal  together  with  F-  and  V-  centres  at  338  K.  A  small 

development  of  (l2)n  aggregates  occurs  during  the  anneal;  these  decay  near  378  K  and  are  responsible  for  a  broad 
and  weak  residual  V-band.  The  I  3d  5/2  XPS  peak  has  been  fitted  to  reveal  the  presence  of  3  components  after  low 
energy  argon-  ion  bombardment.  These  are  identified  as  due  to  normal  lattice  iodine,  13“  and  15“  whose  behaviour 
is  consistent  with  the  Raman  work. 

Key  words:  Colour  centres,  XPS,  Raman  spectra. 


1  INTRODUCTION 

Our  knowledge  of  the  aggregated  forms  of  H-centres  formed  in  irradiated  alkali  halides  has 
advanced  by  the  application  of  optical  absorption  and  Raman  spectroscopies.^"^  In  the 
present  studies  X-ray  photoelectron  spectroscopy  (XPS)  has  been  used  as  well,  the  results 
being  compared  with  previous  XPS  studies  on  iodine  systems.^"^ 


2  EXPERIMENTAL  DETAILS 

The  Raman  and  optical  absorption  experiments  were  carried  out  on  KI  samples  which 
were  7-  irradiated  at  198  K  to  5.6  Mrad.  Isochronal  anneals  were  performed  in  10  K  steps 
of  duration  10  min.  KI  crystals  were  mounted  in  the  XPS  spectrometer  and  spectra  were 
produced  using  Mg  K^  X-rays  as  the  stimulating  radiation.  The  binding  energies  of  the 
peaks  were  calibrated  by  the  use  of  the  Au  4f7/2  peak  (84  eV)  of  a  thin  gold  film  deposited 
onto  the  crystal  surface.  In  order  to  produce  the  defects  in  the  the  crystals,  they  were 
irradiated  in  situ  at  200  K  by  means  of  the  available  argon-ion  beam  operated  at  2  KV  with 
a  beam  current  of  8  mA. 


3  RESULTS  AND  DISCUSSION 

3.1  Raman  and  Optical  Absorption  Studies 

During  the  isochronal  anneal  (Figure  1)  the  major  V-band  peaks  at  3.8  and  4.4  eV  decay  in 
unison  with  the  F-band  in  a  major  annealing  step  at  338  K.  The  residual  V-band  profile  is 
weak  and  very  broad  suggesting  a  different  form  of  defect.  The  Raman  spectra  obtained 
were  fitted  to  reveal  3  major  components  near  113  cm"^(l3"),  173  cm"^  (Ij^")  and 
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FIGURE  1  The  results  for  isochronal  annealing  of  samples  of  KI  previously  7-  irradiated  at  198  K  to  a  dose  of 
5.6  Mrad.  The  behaviour  of  the  individual  iodine  components  was  obtained  from  fitting  the  Raman  spectra. 

(a)  Annealing  of  F-centres  (crosses)  and  the  V-band  (circles),  (b)  Annealing  of  the  113  cm"‘  Raman  band  due  to 
I3"  defects,  (c)  Annealing  of  of  the  173  cm"^  Raman  band  due  to  defects,  (d)  Evolution  of  the  181  cm“‘ 
Raman  band  due  to  (U)^  clusters. 


622  620  618  616  614 
Binding  Energy  (eV) 

FIGURE  2  A  fit  of  the  I  3d5/2  XPS  peak  obtained  after  argon-ion  bombardment  of  KI  at  200  K  showing 
3  components  at  618.5  eV  (13“),  619.5  eV  (I  in  KI)  and  620.3  eV  (15“). 

181  cm“^  (l2)n-  The  113  and  173  cm“*  features  decay  together  in  the  338  K  annealing 
stage,  while  the  181  cm“^  band  grows  and  subsequently  decays  in  a  separate  stage  near 
378  K.  An  isothermal  anneal^  revealed  that  the  338  K  annealing  stage  has  close  to  second 
order  kinetics  and  an  activation  energy  of  1.4  eV.  The  results  are  consistent  with  the 
mutual  annihilation  of  the  F-  and  the  small  iodine  aggregates  13“  and  which  contribute 
to  the  V-band  absorption.  The  relative  importance  of  each  is  uncertain,  however,  since  the 
near  resonance  Raman  conditions  can  selectively  enhance  one  transition  relative  to 
another.  The  181  cm“^  Raman  band  resulting  from  the  decay  of  the  13“  and  aggregates 
is  weak  and  broader  than  that  observed  when  the  (l2)„  clusters  are  in  a  crystalline  form;  the 
latter  are  small  in  number  and  probably  have  not  self~organised  into  crystallites.  They  are 
responsible  for  the  broad  and  weak  V-band  above  the  338  K  annealing  stage. 


3.2  XPS  Studies 

The  behaviour  of  the  I  3d5/2  peak  was  studied  during  the  following  procedures.  The 
spectrum  was  first  measured  at  293  K,  then  re-measured  at  intervals  during  a  120  min. 
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FIGURE  3  The  evolution  of  the  intensity  of  the  various  iodine  components  as  a  function  of  time  using  the  XPS 
results.  Circles:  defects;  squares:  I5*  defects;  triangles:  (I  in  KI).  The  data  at  time  0  min.  refer  to  the  crystal 

measured  at  293  K.  Data  between  0  and  120  min.  (closed  symbols)  show  the  behaviour  during  the  period  of 
argon-ion  irradiation  at  200  K.  Results  plotted  at  140  min.  are  after  warming  to  393  K.  Data  at  150  min.  are  after 
re-measuring  at  293  K. 


irradiation  with  argon-ions  at  200  K  as  described  above.  The  sample  was  then  heated  and 
measured  at  393  K,  followed  by  a  measurement  after  cooling  to  293  K.  The  I  3d5/2  peak 
broadens  considerably  during  the  the  200  K  irradiation,  suggesting  the  presence  of  more 
than  one  species.  On  heating  the  sample  to  393  K,  the  spectrum  becomes  particularly 
narrow  with  a  peak  located  at  619.3  eV  and  a  FWHM  of  1.4  eV.  Recooling  to  room 
temperature  resulted  in  a  FWHM  of  1.55  eV.  The  narrow  spectrum  produced  at  393  K  is 
considered  to  result  from  iodine  in  the  KI  lattice,  since  the  Raman  results  show  that  iodine 
defect  structures  have  all  annealed  out  at  this  temperature.  The  293  K  spectrum  is 
considered  to  have  a  contribution  from  13“  defects  producing  a  component  at  618.7 
as  evidenced  by  direct  subtraction.  These  would  be  produced  in  small  concentration  by  the 
X-ray  beam  of  the  XPS  measurement.  A  fit  of  the  I  3d5/2  peak  resulting  from  argon-ion 
bombardment  at  200  K  is  shown  in  Figure  2.  The  amplitudes  of  these  features  are  very 
sensitive  to  the  relative  positions  of  the  initial  spectra  and  to  the  corrections  of  the  binding 
energies.  The  positions  of  the  peaks  are  618.5  eV(l3“),  619.5  eV  (I  in  KI)  and 
620.3  eV(l5“).  These  are  in  quite  good  agreement  with  those  found  by  direct  subtraction 
of  the  respective  spectra  and  with  the  literature  values^"^  of  619.0  eV  for  13“  and  620.5  eV 
for  I5".  Weak  shake-up  satellites^  are  also  observed  near  622.5  eV  (13")  and 
624.0  eV(l5-). 
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Figure  3  shows  the  evolution  of  intensity  of  the  various  iodine  components  as  a 
function  of  treatment.  During  the  argon-  ion  irradiation  there  is  an  overall  decrease  of  the 
13“  and  an  increase  of  the  I5"  defects.  Warming  to  393  K  reduces  these  to  zero,  while  the 
lattice  iodine  is  enhanced.  The  final  measurement  at  293  K  accords  with  the  inital  one  in 
that  15“  is  absent  and  the  spectrum  is  associated  with  lattice  iodine  with  a  contribution 
from  13“. 

The  Raman,  optical  absorption  and  XPS  results  show  a  self-consistency  in  that  the 
dominant  halogen  aggregates  formed  near  200  K  are  of  the  form  I3"  and  Ig“,  are 
responsible  for  the  V-band  and  are  the  major  complements  of  the  F-centres. 
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VIBRONIC  SCHEME  OF  THE  FRANCK-CONDON 
STATE  OF  F  CENTERS  THAT  CONSISTENTLY 
ELUCIDATES  MCD  AND  RESONANCE  RAMAN 

SCATTERING 
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The  resonance  Raman  scattering  (RRS)  of  F  centers,  particularly  the  photon-energy  dependence  of  linear 
polarization  of  the  RRS,  has  been  studied  on  the  basis  of  a  vibronic  viewpoint.  With  combinination  of  previous 
results  that  have  explained  magnetic  circular  dichroism  (MCD)  spectra,  a  vibronic  scheme  of  the  Franck-Condon 
state  of  F  centers  for  KCl,  KBr  and  KI  crystals  is  established. 

Key  words:  F  centers,  Resonance  Raman  scattering,  Depolarization,  Vibronic  interactions. 


1  INTRODUCTION 

The  resonance  Raman  scattering  (RRS)  of  F  centers  provides  us  useful  vibronic 
information  about  the  Franck-Condon  state  (FCS)  of  F  centers  to  which  optical 
transitions  occur.  Hizhnyakov  has  developed  a  general  theory  of  the  resonant 
secondary  radiation,  and  addressed  that  the  validity  of  his  theory  could  be  verified 
by  checking  the  dependence  of  the  linear  polarization  (Pi(f]i))  of  the  RRS  on  the 
photon  energy  hfl\  for  the  excitation.^  Here,  the  Pi(fti)  is  defined  as 
Pi(r^i)  =  [Ij|(Qi)  -  I_L(ni)]/[I[|(f^i)  +  Ii.(f^i)],  where  ly  and  I_l  are  the  first-order 
Raman  scattering  intensities  in  parallel  and  perpendicular  polarizations  with  respect  to  the 
incident  polarization.  Mori  and  Ohkura  measured  Pi  (Qi)  and  proposed  a  simple  model  to 
explain  qualitatively  their  experimental  results  on  the  basis  of  a  semiclassical 
configuration-coordinate  (CC)  model.^  After  improving  Mori-Ohkura’s  model, 
Muramatsu^  derived  the  expression  for  the  Pi  (Hi)  as  a  function  of  xi  =  —  Clo)/co, 

being  the  frequency  of  the  first  moment  (peak)  of  the  F  absorption  band,  and  u)  an 
average  vibrational  frequency.  It  takes  the  following  form, 

Pi(xi)  =  [AE(xi)'  -e2]/[AE(xif +  C*2],  (1) 

f^Xi 

AE(xi)  =  2h(j0  +  2  (^Xi  -  t)  exp  (-Q;t^)dt], 

Jo 

where  AE  (xi)  denotes  the  energy  separation  between  adiabatic  potential  energy  surfaces 
(APES)  associated  with  two  components  of  2p-like  excited  states  coupled  with  two- 
dimensional  eg  vibrational  modes,  a  and  (3  are  parameters  related  to  the  strengths  of  the 
coupling  with  aig  and  Cg  modes  (See  ref.  3  for  detail),  and  C*  a  parameter  corresponding  to 
an  interaction  mixing  the  triply  degenerate  2p-like  states.  In  the  previous  work,^  the  values 
of  a  and  /3  were  taken  from  parameters  (A  and  B)  which  could  reproduce  the  MCD 
spectrum, while  C*  was  treated  as  a  mere  fitting  parameter  without  discussing  its  physical 
meaning. 
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FIGURE  1  Calculated  results  for  Pi  are  compared  with  experimental  data  (■)  for  F  centers  in  KCl,  KBr  and  KI. 
The  solid  and  broken  lines  represent  results  for  QMC  and  CC  model,  respectively. 


In  the  present  work  we  recalculate  the  Pi  {Q] )  of  the  RRS  of  the  F  centers  in  KCl,  KBr 
and  KI  based  on  a  rigorous  vibronic  treatment,  in  which  vibronic  wavefunctions  and  their 
energies  are  directly  used.  The  Pi(ni)  can  be  calculated  quantum  mechanically,  if  the 
whole  vibronic  structure  of  intermediate  states  in  the  Raman  scattering  process  were 
known.  In  the  F  center,  an  excited  2p-like  electron  interacts  with  phonons  with  aig,  Cg  and 
t2g  symmetries.  However,  it  is  quite  difficult  to  find  general  vibronic  solutions,  because  of 
the  complexity  which  arises  mainly  from  high  degeneracies  in  the  vibrational  states, 
particularly  in  t2g  modes.  To  avoid  such  a  difficulty,  we  use  the  following  model 
Hamiltonian: 

Hel  =  {VaQi  +  Ve(Q2  +  Q3/3‘/2)}  I  X  X  X  I  +{VaQi  +  Ve(-Q2  +  Q3/3’/')} 

I  y  X  y  I  +  {VaQi  -  2VeQ3/3'/'}  |  z  x  z  | 

+  {C*  (I  X  ><  y  I  +  I  X  ><  z  I  +  I  y  ><  z  I)  4-  h.c.},  (2) 

where  the  1st  and  2nd  terms  describe  the  coupling  of  electronic  2p-like  excited  states 
(I  X  >,  I  y  >  and  |  z  >)  with  the  vibrational  aig  (Qi)  and  eg  (Q2,Q3)  modes.  In  the  last 
term  in  eq.  (2)  a  constant  mixing  parameter  C*  is  introduced  to  minic  the  coupling  with  t2g 
modes  which  causes  mixing  between  the  2p-like  excited  states.  For  the  Hei  in  (2),  we  can 
solve  a  secular  equation  numerically,  and  practically  calculate  the  Pi  )  by  a  direct  use  of 
eigenvalues  and  eigenstates  in  the  Heisenberg-Kramers  formula  for  light  scattering.^ 
Hereafter,  the  present  calculation  will  be  referred  to  as  quantum  mechanical  calculation 
(QMC),  to  distinguish  it  from  the  previous  semiclassical  CC  model. 


2  QUANTUM  MECHANICAL  CALCULATION 

In  the  calculation  of  Pi  (f^i)  we  followed  the  procedure  used  in  our  previous  work.^  Input 
parameters,  which  characterize  Hei  in  (2),are  Huang-Rhys  factors  Sa  (=  V^^/2/iARc(;^^) 
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and  Se  (=  and  C*,  Throughout  the  present  paper,  -  uyB.  =  uj  is 

assumed  for  simplicity  and  Hu  was  taken  to  be  15,  14  and  13  meV  for  KCl,  KBr  and  KI, 
respectively."^’^ 


3  RESULTS  AND  DISCUSSION 

First  we  have  estimated  three  parameters,  Sa,  Se  and  C*  so  as  to  reproduce  optical  F 
absorption  bands.  Then,  using  a  set  of  parameters  estimated,  we  have  calculated  the 
excitation  spectrum  P(r^i)  for  the  RRS  in  the  first-order  Raman  scattering  region.  The 
calculated  results  are  plotted  as  a  function  of  fii  in  Figure  1  with  solid  lines  for  QMC  and 
with  broken  ones  for  C.C.  model.  Both  are  compared  with  experimental  data  indicated  by 
closed  squares.  The  coincidence  between  the  cdculated  absolute  value  of  the  P(fii)  and 
experimental  data^’^  is  fairly  good  for  KCl  and  KI,  and  reasonable  for  KBr  inspite  of  a  few 
data.  It  should  be  noticed  that  almost  the  same  results  have  been  obtained  by  the  two 
different  approaches,  one  being  based  on  a  semiclassical  framework  and  the  other  based  on 
a  quantum  mechanical  formula. 

Let  us  discuss  the  result  of  QMC  in  comparison  with  that  of  the  CC  model.^  In  the 
CC  model,  the  value  of  C^/Hu  can  be  deduced  from  experimental  data  on  the 
linear  polarization.  If  we  adopt  the  minimum  value  (Pmin)  of  tho  experimental 
polarization  and  use  the  fact  that  the  AE  in  eg.  (1)  yielding  Pmin  is  2ha;/(7rQ;)  ^  ,  the 
is  given  by  the  following  simple  relation: 

cyhu  =  2[pmax/'7ra\^^‘^,  (3) 


where  pmax  stands  for  the  maximum  depolarization  ratio,  (I_L/I|i)max 
=  (1  “  Pmm)/(1  In  tho  CC  model  the  depolarization  of  the  RRS  intensity  can 

be  considered  as  the  consequence  of  the  following  Raman  process:  |  g  >-^|  u  >  -^|  g'  > 
for  x-polarized  incident  light  with  energy  of  Here  |  g  >  and  |  g'  >  are  initial  and  final 
states,  and  |  u  >  is  an  intermediate  state  described  by  |  u  >  =  |  x  >  +  {C*/ 
AE(Qi)}  1  y  >.  Therefore,  the  depolarization  ratio  is  proportional  to  |C*p,  as  in 
eq.  (3).  The  value  of  C^/Hu  obtained  from  this  relation  is  compared  with  that  of  C^/Hu  in 
the  QMC  in  Table  I.  The  value  of  C*/^a;  of  QMC,  which  has  been  determined  so  as  to 
reproduce  the  experimental  result  for  Pi  (Di),  is  quite  close  to  the  value  of  C^/Hu  obtained 
from  eq.  (3),  except  for  KBr.  For  KBr,  the  value  of  C^IHuj  in  the  CC  model  is  close  to  that 
of  QMC,  if  the  value  of  a  obtained  from  values  of  A  and  B  of  Mauser  et  al.^  is  adopted. 
The  A  and  B  of  Mauser  et  ah  is  well  compatible  with  the  QMC  result  as  compared  with  A 
and  B  in  Ref.  4,  although  both  the  sets  of  the  parameters  give  almost  the  same  MCD 
spectra.  The  degree  of  the  polarization  of  the  RRS  is  the  complement  to  the  MCD  data  in 
determining  the  vibronic  scheme  of  FCS  of  the  F  centers. 

Finally  we  compare  the  value  of  C^iHuj  with  that  of  a  parameter  C  in  Ref.  4,  which 
represents  the  coupling  strength  for  t2g  modes  relative  to  a  spin-orbit  coupling  constant  A. 
The  latter  was  determined  from  the  analysis  of  the  MCD  spectrum.^  The  C*/^a;  can  be 
related  to  2^/^(A/^a;)  C,  since  the  former  makes  a  contribution  to  the  second  moment  of 
the  absorption  spectrum  by  the  amount  of  2  |C*p,  while  the  latter  does  by  the  amount  of 
4C^  I  A  |.^  The  values  of  Q^IHu  of  1.6,  1.2  and  1.3  are  extracted  for  KCl,  KBr  and  KI, 
respectively,  from  the  values  of  C  and  A  given  in  Ref.  4.  They  fairly  well  correspond  to  the 
values  of  C^IHu  in  Table  I. 
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Table  I 

The  values  of  C^lhu  in  QMC  and  CC  model.  The  values  of  other  parameters  are  also  listed,  a  and  (3  are 
determined  by  using  values  of  A  and  B  in  Ref.  4  or  in  Ref.  8,  where  they  are  denoted  by  Wi  and  W3,  respectively. 


Crystal 

Sa 

Se 

C^ITiuj 

(QMC) 

a 

/3 

(CC  model) 

KCl 

10.0 

3.6 

1.4 

0.24“ 

0.21“ 

1.5 

KBr 

15.0 

1.3 

0.8 

0.58“ 

0.05“ 

0.4 

0.08^ 

0.18^ 

1.1 

KI 

10.0 

3.0 

1.3 

0.21“ 

0.19“ 

1.3 

°  Reference  4 
^  Reference  8 


4  SUMMARY 

We  have  explained  the  observed  photon-energy  dependence  of  the  linear  polarization  of 
the  RRS  of  F  centers  in  KCl,  KBr  and  KI,  by  using  vibronic  solutions  for  a  model 
Hamiltonian  including  a  constant  mixing  interaction  instead  of  interactions  with  tag  modes. 
It  is  shown  that  the  obtained  result  for  the  FCS  is  consistent  with  the  previous  one 
determined  from  the  MCD  spectra. 
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LUMINESCENCE  OF  DEFECT  CENTRES  IN  Hg2Cl2 
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Luminescence  in  Hg2Cl2  crystals  excited  with  UV  light  is  investigated  in  the  spectral  region  0.8-2.25  eV. 
Measurements  are  performed  on  as-grown  samples  and  on  samples  previously  exposed  to  UV  light  at  RT.  Six 
emission  bands  are  found  which  depend  on  the  concentration  of  the  photochemical  entities  produced  by 
irradiation  of  the  crystals  at  RT.  It  is  concluded  that  infra-red  (IR)  luminescence  of  Hg2Cl2  originates  from  crystal 
defects.  The  observed  emission  bands  are  tentatively  attributed  to  the  emission  of  (HgClxBr3_x)~  and 
(HgClxBr4_x)^“  complexes  formed  with  residual  Br  impurities.  Centres  responsible  for  IR  Hg2Cl2  emissions  are 
excited:  (i)  via  excitons  of  Hg2Cl2,  (ii)  via  excited  states  of  isolated  Hg2Br2  molecules,  and  (iii)  resonantly 
through  the  excitation  bands  of  defect  centres. 

Key  worcis:  mercurous  chloride,  luminescence,  exciton,  chlorine-bromide  complex  of  mercury. 


1  INTRODUCTION 

Mercurous  chloride,  Hg2Cl2,  molecular  crystals  are  highly  promising  for  applications  in 
opto-electronics  because  of  the  high  value  of  birefringence,  transparency  up  to  20  /xm,  and 
favourable  acousto-optic  figures  of  merit.  The  crystals  are  formed  by  linear  chains  of 
molecules  Cl-Hg-Hg-Cl  oriented  parallel  to  axis  c.  The  intramolecular  bonding  Hg-Hg  is 
covalent  while  the  bond  of  this  core  with  the  chlorine  ions  is  ionic  with  a  partially  covalent 
character.  The  bond  between  adjacent  molecules  is  of  van-der-Waals  type. 

Hg2Cl2  crystals  are  photosensitive.  If  exposed  to  UV  light  at  RT,  they  decompose  into 
Hg  and  HgCl2.^  The  aim  of  this  work  is  to  study  the  formation  of  luminescence  centres 
responsible  for  IR  emission  between  0.80  and  2.25  eV. 


2  EXPERIMENTAL  TECHNIQUES 

Hg2Cl2  crystals  were  prepared  by  crystallization  from  the  vapour  phase  in  the  Institute  of 
Physics,  Prague.  Using  PIXE  (Proton  Induced  X-ray  Emission)  analysis,  the  following 
impurities  with  atomic  number  Z  >  15  were  found  in  the  crystals  in  concentrations  higher 
than  1  ppm:  K — 700  ppm,  Br — 250  ppm,  Cu — 87  ppm,  I — 38  ppm,  Fe — 30  ppm, 
Sr — 18  ppm,  Ge — 17  ppm,  and  Ti — 14  ppm. 

The  samples  were  cleaved  from  a  single  crystal  in  the  form  of  platelets  with  dimensions 
of  approximately  1  x  5  x  12  mm^,  the  large  faces  being  the  tetragonal  planes  [110].  Two 
setups  were  used  for  the  measurement  of  Hg2Cl2  luminescence.  The  first  one,  including  an 
RCA  7103  cooled  photomultiplier  (S-1  photocatode),  allowed  to  measure  emission  spectra 
in  the  range  hi/  >  1.22  eV,  the  second  one,  with  cooled  Ge-detector,  recorded  emission  in 
the  spectral  range  0.80-1.55  eV.  All  emission  spectra  were  corrected. 
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Wavelength  [  nm  ] 

1400  1200  1000  900  800  700  600 


FIGURE  1  Normalized  Hg2Cl2  emission  spectra  at  10  K  taken  for  the  excitation  photon  energy  indicated  in  the 
figures  a)  as-grown  crystal,  b)  crystal  exposed  at  RT  to  unfiltered  high-pressure  xenon  lamp  (500  Watts)  light  in  a 
distance  of  10  cm  for  30  sec. 
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Wavelength  [  nm  ] 
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FIGURE  2  Hg2Cl2  excitation  spectra  at  10-  K  taken  for  the  emission  photon  energy  indicated  in  the  figures  a) 
as-grown  crystal,  b)  an  exposed  crystal  (exposure  parameters-see  Figure  1). 
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3  RESULTS  AND  DISCUSSION 

Normalized  Hg2Cl2  emission  spectra  at  10  K  in  Figure.  1  are  shown  for  (a)  the  as-grown 
crystal  and  (b)  the  crystal  exposed  at  RT  to  the  unfiltered  light  of  a  high-pressure  xenon 
lamp  (500  Watts)  at  a  distance  of  10  cm  for  30  sec.  The  spectra  depend  conspicuously  on 
the  indicated  energies  of  exciting  photons.  The  irradiation  of  crystals  was  performed  at  RT 
because  at  low  temperature  their  photochemical  decomposition  is  practically  stopped.  The 
changes  in  the  emission  spectra  after  irradiation  are  caused  by  the  UV  part  of  the  xenon 
lamp  light  which  decomposes  the  crystals^.  The  mentioned  irradiation  of  crystal  causes  a 
three-fold  increase  of  the  luminescence  intensity.  This  fact  indicates  that  the  red  and  IR 
emissions  are  mainly  caused  by  the  products  of  the  photodecomposition.  Using  a  non¬ 
linear  least-squares  approximation,  all  emission  spectra  shown  in  Figure  1  are  fitted  with 
linear  combination  of  Gaussian  curves.  The  parameters  of  Gaussians  are  found  as  follows: 
(1)  maximal  intensity  at  1.72  eV  (FWHM  at  0.33  eV),  (2)  1.51  eV  (0.32  eV),  (3)  1.39  eV 
(0.28  eV),  (4)  1.23  eV  (0.23  eV),  (5)  1,06  eV  (0.25  eV),  and  (6)  0,82  eV  (0,21  eV).  The 
most  intensive  emission  is  the  band  peaked  at  1.51  eV  under  excitation  at  4.28  and 
3.94  eV. 

If  we  consider  the  photodecomposition  Hg2Cl2  ^  Hg  +  HgCU,  then  the  first  candidate 
for  IR  emission  could  be  HgCl2  molecule.  This  free  molecule  has  a  broad-band 
fluorescence  in  the  range  of  2.21-3.65  eV  under  excitation  by  photons  with  energy  higher 
than  6.5  eV^,  which  is  not  in  accordance  with  our  excitation  spectra. 

The  other  possible  photodissociation  process  can  be  described  by  reaction 

2Hg2Cl2  (HgCb)-  +  3Hg  +  Cl, 

where  Hg(I)  is  converted  to  the  Hg(II).  A  similar  reaction  can  give  rise  to  the  (HgCU)^” 
complex.  The  existence  of  these  complexes  is  known  (e.g.  Ref.  4)  for  aqueous  systems. 
Because  of  a  large  concentration  of  Br  in  Hg2Cl2  crystals,  one  can  suppose  that  some 
chlorine  ions  are  substituted  by  bromide  ions  to  form  complexes  (HgCLBrs^x)'  and 
(HgClxBr4_x)^”.  These  complexes  are  serious  candidates  for  the  IR  luminescence, 
consequently  a  great  variety  of  the  IR  emission  spectra  of  Hg2Cl2  is  to  be  expected,  which 
is  in  accordance  with  Figure  1.  For  the  time  being  an  exact  explanation  of  the  nature  of  the 
IR  luminescence  is  not  possible. 

Excitation  spectra  of  Hg2Cl2  for  as-grown  and  irradiated  crystals  are  shown  in  Figure  2. 
The  interpretation  of  these  spectra  is  complicated  because,  to  our  knowledge,  a  calculation 
on  the  electronic  band  structure  of  the  Hg2Cl2  crystals  has  not  yet  been  performed.  Kleier 
and  Wadt^  presented  valence  bond  calculations  for  the  ground  states  of  Hg2Cl2  and  Hg2F2 
molecules  only  and  they  estimated  the  excitation  energies  for  the  some  excited  states  of 
Hg2Cl2.  These  results  support  an  interpretation  of  the  observed  spectra  because  in 
molecular  crystals  the  electron  levels  of  the  free  molecule  will  emerge  as  excitons.  Due  to 
crystal  field,  these  electron  levels  will  shift  to  lower  energies.  The  exciton  energies  in 
Hg2Cl2^  and  Hg2Br2  crystals  were  determined  from  the  polarized  excitation  spectra  for  the 
blue  emission.  These  spectra  are  independent  of  the  photochemical  decomposition  of  the 
crystals. 

A  high  energy  part  of  the  excitation  spectra  (hz/  >4.1  eV,  see  Figure  2)  is  identical  to 
the  excitation  spectrum  for  the  blue  Hg2Cl2  emission.  Therefore  we  assume  that  the 
peculiarities  close  to  4.10,  4.15,  and  4.40  eV  can  be  assigned  to  the  excitons, 
corresponding  to  the  (Jg  — ^  tTu  ,  cTg  — >  (Ju,  and  TTg  ctu  transitions  of  the  free  Hg2Cl2 
molecule.^  Comparisons  of  the  calculated  excitations  giving  rise  to  dipole-allowed 
transitions  in  a  free  Hg2Cl2  molecule,  with  experimentally  determined  exciton  energies  in 
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Hg2Cl2  and  Hg2Br2  crystals  are  reported  in  Table  1.  It  is  worth  to  note  that  the  band  gap 
value  of  Hg2Cl2  was  found^  to  be  4.8  eV. 

Table  I 

Comparisons  of  the  calculated  excitation  energies  for  the  low-lying  states  of  Hg2Cl2  molecule  AE(molec)^  with 
experimentally  determined  exciton  energies  E(Hg2Cl2)  and  E(Hg2Br2)  of  the  respective  crystals.  Directions  of  the 
transition  moments  are  referred  with  respect  to  the  molecule  axis. 


Excitation 

AE(molec) 

[eV] 

E(Hg2Cl2) 

[eV] 

E(Hg2Br2) 

[eV] 

Polarization 

4crg  — +  StTu 

6.35 

4.15 

3.59 

X 

Aog  47ru 

6.62 

4.10 

3.57 

II 

27rg  — )■  4(70 

7.06 

4.40 

3.93 

X 

As  Hg2Cl2  crystals  contain  a  large  concentration  of  bromine,  the  Hg2Br2  molecules  are 
present  in  the  Hg2Cl2  matrix  and  they  can  be  excited  separately.  Therefore,  the  excitation 
bands  near  3.54  and  3.94  eV  were  assigned  to  the  excited  states  of  the  isolated  Hg2Br2 
molecules.  The  energies  of  these  bands  are  close  to  the  excitation  band  for  blue  emission 
of  pure  Hg2Br2  crystals. 

The  3.35,  3.73,  and  3.81  eV  excitation  bands  are  conspicuously  enhanced  after  UV 
light  exposure  of  the  above  crystal  at  RT  (see  Figure  2b).  Therefore  these  bands  are 
attributed  to  the  specific  excitation  bands  of  the  defect  centres,  probably  (HgCls)”  and 
(HgClxBr4_x)^~  complexes,  arising  due  to  crystal  photodecomposition. 
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AUTLER-TOWNES  SPLITTINGS  OF  PHOTO-EXCITED 
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Autler-Townes  interactions  are  observed  in  the  time  domain  by  performing  a  modified  echo  experiment. 
Constructive  and  destructive  interferences  characteristic  of  the  Autler-Townes  components  in  electron  spin  triplet 
states  are  observed  for  two  different  color  centers  in  calcium  oxide  and  diamond  crystals,  respectively. 

Key  words:  Autler-Townes  effect,  triplet  states,  point  defects,  ODMR,  spin  coherence. 


In  this  paper  we  study  multilevel  coherences  observed  for  defects  in  a  photo-excited  triplet 
state  when  the  triplet  state  is  simultaneously  driven  by  two  resonant  microwave  fields  of 
different  microwave  frequency.  It  has  long  been  known  that  when  in  a  three-level  system 
one  of  the  possible  transitions  is  coherently  driven  while  probing  a  second  transition,  the 
latter  will  become  split  (Autler-Townes  (AT)  splitting).^  In  solids,  however,  inhomoge¬ 
neous  line  broadening  most  often  prevents  that  the  AT  splitting  can  be  directly  resolved  in 
the  spectrum.  On  the  other  hand,  in  a  two-pulse  echo  decay  experiment  the  influence  of 
inhomogeneous  broadening  is  averaged  out.  Here  we  show  that  the  normal  two-pulse 
sequence  in  the  echo  experiment  can  be  modified  in  order  to  be  able  to  resolve  (for  the  first 
time  in  the  microwave  region  for  electron  spin  transitions  in  solids)  Autler-Townes 
splittings  using  optical  detection.  Experimental  results  representative  of  constructive  and 
destructive  interference  of  the  Autler-Townes  components  in  triplet  states  will  be  presented 
for  phosphorescent  F-type  defects  in  colored  calcium  oxide^  crystals  and  the  luminescent 
N-V  center  in  diamond.^ 

In  the  experiment  initially  two  microwave  pulses  resonant  with  one  of  the  triplet  state 
zero-field  transitions  (of  frequency  cj^)  with  a  time  interval  of  r  are  applied.  The  pulses 
give  rise  to  a  coherent  response  at  2r  (the  echo),  irrespective  of  the  amount  of 
inhomogeneous  broadening.  In  the  echo  experiments  of  relevance  here,  during  the 
rephasing  interval  (between  r  and  2t),  a  second  microwave  field  is  applied  in  order  to 
coherently  drive  another  transition  of  the  three-level  system  (of  frequency  uj^).  As  a  result 
of  the  driving  field  at  a;i3,  levels  1  and  3  each  will  exhibit  an  Autler-Townes  doublet 
splitting.  As  derived  elsewhere,^  this  splitting  manifests  itself  as  amplitude  modulation 
effects  of  the  echo  (detected  at  un),  the  periodicity  of  the  echo  modulation  being 
characteristic  of  the  Autler-Townes  doublet  splitting. 

The  spectrometer  for  optical  detection  of  spin  coherence  has  been  described 
previously.^  Yellow  colored  calcium  oxide  crystals  contain  defects  which  consist 
of  a  nearest-neighbor  oxygen  divacancy  containing  two  electrons.^  Upon  photo-excitation, 
the  fI'^  defect  is  excited  into  its  phosphorescent  state  for  which  the  no-phonon 
emission  peaks  at  683  nm.  Zero-field  resonance  frequencies  in  the  excited  state  of  the 
defect  occur  at  1870  MHz  (|D|  —  |E|  transition)  and  2230  MHz  (|D|  -f  |E|  transition). 
Figure  1  shows  typical  optically  detected  spin  echo  amplitude  decays  generated  (at  1.3  K) 
in  the  absence  and  in  the  presence  of  the  driving  second  microwave  frequency,  The 
inset  shows  the  applied  pulse  sequences  at  the  two  microwave  frequencies,  a;i2  and  As 
illustrated  by  Figure  1,  the  effect  of  the  second  microwave  field  when  driving  the  1  ^  3 
transition  near  resonance  is  to  modulate  the  echo  amplitude  decay  of  the  |D|  —  |E| 
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FIGURE  1  Optically  detected  Hahn  echo  decay  of  the  |D|  -  |E|  zero-field  transition  (at  1870  MHz)  of  the 
center  in  CaO  in  the  photo-excited  state  at  1.3  K.  (a)  without  pumping  the  |D|  +  |E|  transition,  (b)  with  the 
simultaneous  pumping  at  r  <  f  <  2t  of  |D|  +  |E|  transition  (at  2230  MHz),  see  also  insert.  Drawn  line  is 
simulated  Autler-Townes  modulation. 


transition  of  the  center  in  its  photo-excited  triplet  state.  The  result  is  explained  as 
follows.  During  the  rephasing  interval,  at  r  <  r  <  r,  the  driving  field  cois  gives  rise  to 
phase  shifts  of  the  spin  coherent  components  which  result  in  echo  signals  phase  shifted  by 
{Auj/2  ib  u;)r  with  respect  to  the  phase  of  the  echo  in  the  absence  of  a;i3.  Aa;  =  uj  —  (jJi3 
and  a;=  l/2{(Aa;)2-f  where  oji  characterizes  the  Rabi  frequency  for  the 

coherently  driven  1  3  transition.  The  final  probe  pulse  samples  the  polarization  at  2r 

and  is  given  by  R{2r)  =  Rq  cos(  Acc;/2  ±  uj)T.  The  drawn  line  is  a  monoexponentially 
damped  cosine  function  which  fits  the  experimental  data.  Variation  of  the  power  of  the 
driving  microwave  field  at  uju  showed  a  change  of  the  echo  modulation  periodicity:  at 
higher  powers  the  modulation  frequency  increased,  as  expected. 

Similar  results  were  obtained  for  another  luminescent  color  center,  the  N-V  center  in 
diamond.  The  N-V  center  in  diamond  has  a  triplet  electron  spin  ground  state  which 
previously  has  been  studied  by  means  of  optically  detected  magnetic  resonance  (ODMR).^ 
In  the  presence  of  a  small  magnetic  field  of  ^  10  G  along  the  [100]  crystallographic 
direction,  the  degeneracy  of  the  upper  two  zero-field  spin  levels  in  the  ground  state  is  lifted 
and,  since  all  N-V  centers  are  magnetically  equivalent  for  the  chosen  direction  of  the 
magnetic  field,  two  ODMR  transitions  at  frequencies  of  2862  MHz  and  2895  MHz  are 
observed.  Upon  driving  the  2862  MHz  transition  while  probing  the  echo  amplitude  decay 
of  the  2895  MHz  transition,  Autler-Townes  modulations  could  be  observed.  As  for  the 
photo-excited  center,  an  increase  of  the  driving  field  strength  yielded  an  increase  of 
the  Autler  Townes  modulation  frequency. 
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A  new  phenomenon  of  a  reversible  photoinduced  coloration  caused  by  light  irradiation  is  discovered  and 
investigated  in  superionic  RbAg^Is  crystals.  The  reversible  photoinduced  absorption  is  found  to  be  a  result  of 
irradiation  by  light  with  wavelengths  in  the  region  from  420  nm  to  450  nm.  The  proposed  mechanism  of  the 
discovered  effect  is  associated  with  ambipolar  diffusion  of  screened  by  mobile  ions  optically  excited  electronic 
carriers.  The  processes  of  color  centers  creation  in  superionic  crystals  RbAg4l^  due  to  additive  coloring  in  iodine 
vapours,  ionic  implantation  and  7-ray  irradiation  are  considered. 

Key  words:  Superionic  crystals,  photoinduced  color  centers. 


1  INTRODUCTION 

Coexistence  of  a  regular  crystal  lattice  and  a  system  of  nonordered  ions  in  superionic 
crystals  leads  to  their  unique  physical  properties.  In  superionic  crystals  one  would  expect 
the  interaction  between  nonequilibrium  electronic  carriers  optically  generated  to  the 
conduction  or  valence  bands  and  mobile  ionic  subsystem.  Mobile  ions  because  of  high 
concentration  and  mobility  should  screen  the  electrostatic  interaction  between  ionized 
centers  and  excited  electronic  carriers.  For  this  reason  one  would  expect  considerable 
increasing  of  lifetime  of  nonequilibrium  electronic  carriers  in  superionic  crystals.  Due  to 
the  excess  concentration  the  diffusion  flow  of  these  screened  electronic  carriers  in  the 
regime  of  ambipolar  diffusion  should  appear  from  the  irradiated  region.  As  a  result  of  these 
processes  photoinduced  defects  can  be  produced  in  superionic  crystals. 


2  EXPERIMENTAL 

Investigations  were  carried  out  on  polycrystalline  RbAg^I^  specimens  grown  from  the 
melt  by  the  zone  melting  method.  The  thickness  of  the  samples  was  0.2  -r-  0.3  mm.  The 
irradiation  of  a — RbAg^Is  superionic  crystals  was  performed  at  room  temperature  during 
1-2  hours.  Selective  irradiation  was  produced  by  means  of  a  high  pressure  Xenon  lamp 
and  a  system  of  filter  glasses.  Optical  measurements  were  fulfiled  by  automatic  installation 
on  the  base  of  double  grating  monochromator  in  the  transmission  geometry. 


3  RESULTS  AND  DISCUSSION 

To  study  the  structure  of  color  centers  we  carried  out  detail  investigations  at  low 
temperatures  of  absorption  spectra  additively  colored  in  iodine  vapours  and  affected  to 
ionic  implantation  superionic  crystals  RbAgA^h.  Th^  ionic  implantation  of  the  sample 
surface  was  performed  by  positively  charged  ions  of  noble  gase  Kr^  at  room  temperature. 
With  the  fluence  D  ~  10^^  ri- 10^^  cm~^  and  the  planting-ion  energy  E  ~  160  180  keV 

the  surface  of  the  samples  acquired  a  stable  red-orange  color.  The  possible  mechanisms  of 
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FIGURE  1  Absorption  spectrum  of  additively  colored  RbAg/^I^  superionic  crystal. 


defect  formation  caused  by  ionic  implantation  of  RbAgJ^  superionic  crystals  are 
considered  in  [1].  Intensive  additive  coloring  of  RbAg^I^  in  iodine  atmosphere  at  room 
temperature  is  caused  by  the  superionic  properties  of  this  material  revealing  high  values  of 
the  Ag'^  diffusion  coefficient  [2].  Due  to  adsorpance  of  iodine  molecules  at  crystal  surface 
and  formation  of  the  Agl  compound  there  the  diffusion  flows  of  Ag  and  holes  adjacent  to 
the  silver  vacancies  appear  correspondingly  to  the  surface  and  into  the  sample.  As  a  result 
color  centers  involving  the  hole  adjacent  to  the  silver  vacancy  can  be  created  in  the  bulk. 
The  typical  optical  density  spectrum  of  additively  colored  RbAg^I^  superionic  crystal  at 
T  =  5  K  is  shown  in  Figure  1.  As  can  be  seen  there  are  four  absorption  bands  in  the  optical 
density  spectrum.  The  defined  maxima,  halfwidths,  W,  after  the  spectrum  was 

fitted  into  the  sum  of  gaussian  bands  are  listed  in  the  Table  I. 


Table  I 

Absoiption  bands  induced  in  RbAgJ^  by  additive  coloration,  ionic  implantation,  7-ray  irradiation  [3]  and 

photoirradiation. 


Additive  Coloration  Ionic  Implantation  7-Ray  Irradiation  Photocoloration 


Eo  (eV) 

W(eV) 

£0  (eV) 

W  (eV) 

1.82 

0.12 

1.91 

0.12 

2.09 

0.06 

2.32 

0.23 

2.32 

0.23 

2.55 

0.12 

2.63 

0.12 

2.85 

0.28 

2.85 

0.28 

Eo  (eV) 

W(eV) 

^0  (eV) 

W  (eV) 

1.80 

0.12 

1.83 

0.12 

2.05 

0.09 

2.06 

0.12 

2.32 

0.23 

2.29 

0.23 

2.63 

0.12 

2.85 

0.28 

2.85 

0.28 

Comparing  the  observed  absorption  bands  induced  by  7-ray  irradiation  at  77  K  [3]  (see 
Table  I)  with  those  appearing  in  the  additively  colored  and  ion-implanted  RbAg^I^  crystals 
we  find  similar  absorption  bands. 
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FIGURE  2  Photoinduced  absorption  spectrum  of  RbAg^I^  ciystal. 


In  the  present  work  the  effect  of  reversible  photoinduced  coloration  is  discovered  in 
RbAg^I^  superionic  crystals  under  the  irradiation  by  light  with  wavelengths  in  the  spectral 
interval  420  nm  450  nm.  It  is  found  that  the  photoinduced  absorption  depends  on  a 
wavelength  and  intensity  of  the  irradiated  light,  the  sample  stoichiometry  and  time  of 
irradiation.  In  Figure  2  is  shown  the  typical  photoinduced  absorption  spectrum  in  RbAgJs 
superionic  crystals  after  two  hours  irradiation  by  light  with  wavelength  A  =  425  nm 
(c^  2.92  eV)  at  room  temperature.  The  observed  photoinduced  absorption  spectra  have 
been  fitted  by  assuming  an  overlapping  of  several  Gaussian  absorption  bands  (Figure  2). 
The  defined  parameters  of  maxima  positions  (£"0)  and  halfwidths  (W)  of  separate 
absorption  bands  are  listed  in  the  Table  I.  As  can  be  seen  there  are  the  same  absorption 
bands  in  the  optical  density  spectra  of  the  photoirradiated,  additively  colored,  ion- 
implanted  and  7-ray  irradiated  crystals  .RbAg^I^  (see  Table  I). 

To  clarify  the  mechanism  of  the  discovered  effect  and  to  study  its  reversibility  the 
relaxation  characteristics  of  photoinduced  absorption  was  investigated.  It  was  established 
that  the  time  dependence  of  the  light  intensity  transmitted  through  the  irradiated  RbAg^I^ 
crystal  on  the  wavelegnth  A  =  436  nm  (~  2.85  eV)  has  an  exponential  character.  The 
examined  time  dependence  of  photocoloration  process  in  RbAg^I^  crystals  was  found  to 
be  described  with  two  relaxation  times  t\  ^  3100  sec  and  T2  15400  sec. 

The  similar  absorption  characteristics  in  additively  colored  and  photoirradiated 
RbAg^Is  superionic  crystals  let  us  to  propose  that  the  mechanism  of  photocoloration 
effect  is  associated  with  the  changes  in  a  local  concentration  of  mobile  silver  cations  in  the 
irradiated  region.  These  local  changes  in  crystal  stoichiometry  can  be  caused  by  the 
ambipolar  diffusion  process  of  optically  excited  electronic  carriers  screened  by  mobile 
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ions.  Such  a  diffusion  process  can  lead  to  creation  of  new  color  centers  and  also  to  some 
changes  in  structure  and  concentratration  of  color  centers  in  RbAg^Is  superionic  crystal 
exposed  to  light  irradiation. 
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M-CENTRE  LUMINESCENCE  IN  NaF  AND  LiF: 
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Milano  and  Sede  Staccata  di  Lecco 

Emission  and  excitation  spectra  were  accurately  detected  as  a  function  of  the  temperature  (in  the  range  18-300  K) 
in  NaF  and  LiF  samples  containing  unperturbed  M-centres:  different  coloration  techniques  and  ageing  effects 
were  tested  in  order  to  obtain  the  pure  M-emission  band.  On  the  basis  of  collected  data  new  trends  and 
correlations  are  proposed  between  the  halfwidth  of  the  emission  bands  (H),  the  effective  modes  (u;),  and  the 
Huang-Rhys  factors  (S)  for  M  and  F  centres:  the  H(M)  values  are  roughly  half  the  H(F)  ones,  M-emission  S 
values  are  very  similar  in  different  crystals,  uj  and  H  values  for  the  M-  and  F-emissions  are  proportional  to  the 
transverse  optical  frequency  cjj  values. 

Key  words:  colour  centre,  luminescence,  emission  band. 

The  aim  of  this  work  is  to  present  new  data  about  the  M  centre  luminescence  in  NaF  and 
LiF,  together  with  a  new  analysis  of  peak  energy  (E),  halfwidth  (H),  effective  mode  (a;),  as 
well  as  transverse  optical  frequency  (clIj)  in  alkali  halides,  which  leads  us  to  propose  new 
trends  and  correlations.  Indeed,  in  recent  years  the  analysis  of  the  basic  properties 
concerning  the  emission  band  has  been  somewhat  disregarded.  We  also  present  a 
comparison  between  the  observed  properties  of  the  M  centre  and  those  for  the  F  centre  in 
alkali  halides:  this  comparison  is  very  useful  to  obtain  a  comprehensive  interpretation  of 
the  emission  properties. 

A  pure  M  emission  band  was  obtained  in  additively  coloured  NaF  samples  containing 
Li"^  substitutional  impurities  which  favour  coloration:  Ma  formation  was  observed 

only  after  keeping  the  samples  in  the  dark  for  a  few  days.  Furthermore,  in  order  to  obtain  a 
comparison,  the  M  emission  band  was  analysed  in  NaF  and  NaF:Li  X-ray  coloured 
samples:  so  we  believe  that  the  data  collected  in  the  Tables  presented  here  refer  to 
practically  unpertubed  M  centres.  The  details  of  the  measurements  as  a  function  of  the 
temperature  (T)  and  the  data  analysis  were  presented  in  a  previous  work."^  The  M  emission 
was  also  investigated  as  a  function  of  T  in  X-ray  coloured  LiF,  which  cannot  be  additively 
coloured."^ 

It  is  convenient  to  summarize  some  F  centre  emission  properties.  The  halfwidths  of  the 
emission  (and  absorption)  bands  of  the  F  and  M  centre  are  related  to  T  according  to  the 
following  classical  formula: 

i/2(T)  =  H^{0)Coth{nujl2kT)  {1) 

where  uj  is  the  effective  mode. 

Bosi  and  Nimis^’^  discovered  that  the  u  values  of  the  F  emission,  here  indicated  as 
a;(F),  are  very  close  to  the  transverse  optical  frequency  ujy  values.  In  Table  I  we  present 
detailed  data  for  a;(F)  and  for  the  emission  band  halfwidth  H(0)  at  the  lowest 
temperature  employed  in  the  experiments  known  in  literature,  and  for  the  Huang-Rhys 
factor  S(F),  concerning  the  emission  process,  determined  on  the  basis  of  the  well-known 
relationship: 
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H^{0)=8ln2{nu)f  S  (2) 

The  a;(F)  were  obtained  in  ref.  [8]  by  relationship  (2)  and,  more  correctly,  in  ref.  [10],  by 
using  the  shape  function  of  the  emission;  finally,  an  accurate  a;(F)  value  in  RbCl  was  found 
by  Brada,^^  by  also  taking  into  account  the  relative  changes  in  the  peak  emission  and 
halfwidth  as  a  function  of  T. 


Table  I 


Crystal 

H(F)  (eV) 

a>r(10“s-’) 

u;(F)  (10“s-') 

S(F) 

Rbl 

0.148^ 

1.537 

1.44’ 

43.94 

RbBr 

0,190’’ 

1.780 

1.89’’ 

42.08 

KI 

0.185® 

2.063 

2.05® 

33.91 

0.190“ 

2.14“ 

32.82 

RbCI 

0.237® 

2.373 

2.10® 

53.03 

0.256“ 

2.00“ 

68.22 

0.229“ 

2.19“ 

45.53 

KBr 

0.215® 

2.317 

2.36® 

34.56 

0.224“ 

2.54“ 

32.38 

KCl 

0.261® 

2.844 

2.86® 

34.68 

0.294“ 

2.80“ 

45.90 

NaCl 

0.337® 

3.353 

3.71® 

34.36 

0.360“ 

3.27“ 

50.47 

KF 

0.385^ 

3.796 

3.48’’ 

50.96 

NaF 

0.50® 

4.936 

4.86® 

44.07 

Furthermore,  by  inserting  the  mean  of  S(F)  values  43.13)  in  rel.  (2)  we  obtained^’^  a 
new  relationship  between  the  H(0)  values  for  the  F  centre  (here  named  H(F))  and  a;(F): 

i/(F)  =  15.465  (  )  (ineV)  (3) 

This  relationship  seems  to  indicate  a  common  behaviour  concerning  the  F  centre 
vibrational  properties  in  the  emission  process  (when  clearly  detectable):  i.e,  H(F)  is  also 
proportional  to  luj.  The  occurrence  a;(F)  cuj  could  be  related  to  the  dependence  of  the 
emission  peak  energy  E(F)  on  the  high  frequency  constant  £oo  (which  implies  a  similar  one 
for  the  radiative  lifetime);  a  full  discussion  is  presented  in  ref.  [6]. 

Our  results  for  the  M  centre  in  NaF  and  LiF  are  as  follows:  emission  and  excitation 
spectra  were  detected  as  a  function  of  T  in  the  range  18.2-294  K.  An  accurate  study  of  the 
band  shapes  and  peak  positions  was  carried  out,  and  the  degree  of  distortion  was 
determined  (see  ref.  [4]), 

In  Table  n  we  list  our  data  together  with  that  known  in  literature:  the  quoted  emission 
energies  E(M)  and  halfwidths  H(M)  were  determined  at  T  <  18  K  except  for  KF  (at  77  K). 
The  following  correlations  and  trends  can  be  observed: 

i)  the  halfwidth  of  the  F  centre  emission  is  roughly  twice  as  wide  as  the  one  of  the  M 
centre; 

ii)  the  S  values  for  the  M  centre  are  very  similar  for  different  crystals,  except  in  the  KBr 
case,  even  if  the  discrepancy  is  not  dramatic; 

iii)  the  values  a;(M)/u;T  are  practically  the  same  for  different  crystals  (mean  value  =  0,859) 
except  in  the  KBr  case  (near  to  unity);  obviously  the  same  occurrence  holds  for 
a;(M)/a;(F)  values,  since,  as  previously  shown,  a;(F)  ujj;  the  data  scattering  is  due,  as 
expected,  to  the  different  methods  adopted  by  the  same  authors^’^®  in  analysing  the  F 
centre  emission  band; 


M  CENTRE  EMISSION  PROPERTIES 


463 


iv)  the  trends  commented  above  imply  that  H(M)/?ia;T  values  are  similar  for  different 
crystals,  including  the  KBr  case  where  the  two  above-mentioned  anomalies  seem  to 
compensate  each  other;  KF  is  only  an  apparent  exception:  indeed  the  H(M)  value  is 
necessarily  high  because,  as  anticipated,  it  was  taken  at  an  elevated  temperature  (77  K). 


Table  n 


Crystal 

E(M) 

eV 

H(M) 

eV 

<^{M) 

10^3  S-1 

S(M) 

H(F) 

H(M) 

^(M) 

ij(F) 

a;(M) 

an- 

H(M) 

hju>j 

LiF 

1.85 

0.289 

5.19 

12.7 

0.866 

7.33 

NaF 

1.91 

0.229 

4.20 

12.1 

2.18 

0.864 

0.851 

7.05 

KF 

1.579'2 

0.21'2 

1.83 

8.40 

NaCl 

1.155'3 

0.14^3 

2.41 

6.34 

2.57 

KCl 

1.15'^ 

0.1301^ 

2.451'* 

11.4 

2.01 

0.857 

0.861 

6.94 

2,26 

0.875 

KBr 

1.04''* 

0.1051^ 

2.39!'* 

7.8 

2.05 

1.013 

1.031 

6.88 

2.13 

0.941 

KI 

0.818'3 

0.1013 

1.85 

7.36 

1.90 
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INVESTIGATION  OF  THE  DYNAMICAL 
BEHAVIOUR  OF  THE  Fh(CN")  CENTRE  IN  KCl 
WITH  TEMPERATURE  DEPENDENT  ENDOR 
SPECTROSCOPY 
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The  temperature  dependence  of  the  electron  nuclear  double  resonance  (ENDOR)  spectra  of  Fh(CN“)  centres  in 
KCl  was  investigated  in  the  temperature  range  between  10-220  K.  At  the  lowest  temperature  of  10  K  only  one 
CN“  orientation  with  respect  to  the  F  centre  electron  is  present,  in  which  the  nitrogen  is  thought  to  be  nearer  to  the 
F-electron  than  the  carbon.  With  the  very  small  thermd  activation  energy  of  2.9  meV  the  opposite  orientation  is 
occupied.  The  superhyperfine  interactions  of  those  first  shell  K  nuclei  nearest  to  CN“  and  of  the  interaction  of 
the  CN“  molecule  are  strongly  temperature  dependent  between  10  and  60  K,  following  an  exponential  law  with  a 
thermal  activation  energy  of  4.2  meV.  It  is  assumed  that  a  soft  local  mode  involving  those  two  nearest  K  nuclei 
and  the  CN“  is  causing  the  strong  temperature  dependence.  The  shf  interactions  of  nuclei  have  not  been  seen, 
probably  because  of  the  dynamical  effects. 

Key  words:  ENDOR,  defect  dynamics,  local  modes,  vibronic  coupling,  F-aggregate  centres. 


1  INTRODUCTION 

F-aggregate  centres  in  alkali  halides  consisting  of  F-centres  associated  with  a  CN" 
molecule  have  attracted  considerable  interest  because  of  a  strong  coupling  between  the  F 
centre  and  the  CN“  diatomic  molecule  resulting  in  an  efficient  transfer  of  the  F  centre 
electronic  excitation  energy  to  the  CN"vibrational  energy  [1,2].  In  alkali  halides  CN“  is 
second  nearest  neighbour  to  the  F  centre  electron  in  a  (110)  position.  This  microscopic 
structure,  first  inferred  from  optical  measurements,  was  confirmed  by  electron  nuclear 
double  resonance  (ENDOR)  experiments,  in  which  the  superhyperfine  (shf)  interactions 
with  the  atom  in  the  ^^CN”  molecule,  however  not  with  die  ^"^N  nuclei,  could  be 
measured.  From  the  ENDOR  angular  dependence  the  site  of  the  CN”  could  be 
confirmed  [3].  From  the  failure  to  see  the  ^"^N  nuclei  in  the  spectra,  which  should  have 
a  measurable  shf  interaction  with  the  ^"^N  nucleus  with  I  =  1,  it  was  concluded  that  possibly 
even  at  the  lowest  measurement  temperature  (30  K)  the  CN"  dipole  undergoes  rapid 
orientation  motions.  Because  of  the  expected  quadrupole  interaction  of  ^"^N  the  ^^N  NMR 
spectra  are  probably  not  observable  then  because  of  too  short  nuclear  spin-  lattice 
relaxation  times.  A  strange  doublet  splitting  of  the  spectra  was  observed,  which  was 
tentatively  assigned  to  two  possible  orientations  of  the  CN“  molecule  [3]. 

In  this  paper  we  report  on  a  detailed  investigation  of  the  temperature  dependence  of  the 
ENDOR  spectra  of  the  nuclei  and  the  nearest  K  nuclei  of  the  Fh(CN")  centre  in  the 
temperature  range  between  10  K  and  220  K.  From  this  we  show  that  CN“  has  two 
orientations  with  respect  to  the  F  centre  electron  which  differ  in  energy  by  only  2.9  meV 
and  that  the  shf  interactions  of  those  first  shell  K  neighbours,  which  are  near  to  the  CN“, 
and  of  the  nuclei  in  ^^CN~  have  a  strong  temperature  dependence  which  follows  an 
exponential  law  with  an  activation  energy  of  4.2  meV. 
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FIGURE  1  ENDOR  spectra  of  Fh(^^CN“)  centres  in  KCl  for  Bq  ||  [100]  measured  at  various  temperatures. 


FIGURE  2  Temperature  dependence  of  the  isotropic  shf  constant  of  the  three  subshells  and 

of  Fh  (^^CIST)  centres  in  KCl. 


2  EXPERIMENTAL 

KCl  single  crystals  were  doped  with  K  and  additively  coloured.  After  quenching 
from  400°  C  to  room  temperature  to  disperse  the  F  centres,  aggregation  of  F  centres  and 
CN~ centres  was  done  by  optical  bleaching  at  A  =  514  nm  into  the  high  energy  flank  of  the 
F-band  in  the  temperature  range  between  180-220  K.  About  50%  of  the  F  centres  could  be 
aggregated  with  CN“.  The  ENDOR  measurements  were  performed  in  X-band  with  a 
computer  controlled  custom-built  spectrometer  operating  between  10  and  300  K. 


3  EXPERIMENTAL  RESULTS 

After  aggregation  of  F  centres  to  ^^CN~  new  lines  appear  in  the  ENDOR  spectrum:  new 
lines  of  the  first  shell  K  nuclei  and  those  due  to  (see  Figure  1  of  ref.  [3]).  No  ENDOR 
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Table  I 

F  centre — ^^C  shf  interaction  parameters  at  T  =  180  K 


a/h  [MHz] 

b/h  [MHz] 

b'/h  [MHz] 

‘^C  (L)  3.975 

0.106 

0.043 

‘^C  (H)  4.056 

0.101 

0.053 

lines  of  have  been  observed.  The  angular  dependence  of  the  nuclei  measured  at 
70  K  was  already  shown  in  ref.  [3],  Figure  2.  The  assignment  of  the  lines  to  and 
was  made  with  the  field  shift  method  (see  e.g.  [4]).  The  lines  exhibit  a  (1 10)  symmetry, 
i.e.  the  principal  axis  of  the  shf  tensor  with  the  largest  interaction  is  along  a  (110) 
direction  indicating  that  the  CN“  molecule  is  oriented  along  that  orientation.  As  a 
surprising  factor  it  was  observed  that  each  line  is  split  into  a  doublet.  The  angular 
dependence  consists  of  two  parallel  branches,  each  having  the  same  ENDOR  line  intensity 
at  that  temperature.  There  are  nuclei  with  a  ‘high’  shf  interaction  (henceforth  called 
^^C(H))  and  those  with  a  ‘low’  shf  interaction  (^^C(L)),  whereby  the  shf  interaction  differs 
in  the  isotropic  shf  constant  only  by  about  2%,  practically  not  at  all  in  the  anistropic  shf 
constants.  The  shf  constants  are  given  in  Table  I  in  terms  of  the  isotropic  shf  constant 
a,  the  anistropic  shf  constants  b  and  b',  which  are  related  to  the  principal  values  of  the  shf 
tensor  A  by 


-ZZ  -  ^  2t) 

(1) 

:  =  a  -  b  +  b' 

(2) 

=  a  -  b  -  b' 

(3) 

The  doublet  ENDOR  lines  change,  however,  when  the  temperature  is  lowered.  The 
‘high’  frequency  line  starts  to  decrease  in  intensity  when  cooling  below  approx.  40  K 
and  is  not  observed  anymore  below  10  K.  In  Figure  1  two  of  the  doublet  ENDOR  lines 
are  shown  as  a  function  of  temperature  together  with  first  shell  K  lines.  There  is  not  only 
an  intensity  change  of  the  high  and  low  frequency  lines,  but  also  a  shift  in  frequency 
towards  lower  frequencies  when  cooling,  observed  for  both  lines  and  some  of  the 
lines. 

When  measuring  the  intensities  of  the  ^^C(H)  and  '^C(L)  ENDOR  lines  as  a  function  of 
temperature,  an  exponential  law  is  found  with  a  thermal  activation  energy  of  AE  =  35  K, 
The  high  frequency  lines  are  thermally  occupied  with  this  low  activation  energy  of 
2,9  meV. 

The  presence  of  the  CN“  is  also  seen  by  an  effect  on  the  shf  interactions  with  the  nearest 
shell  of  K  neighbours,  which  are  not  equivalent  anymore  as  in  the  F  centre  but  split  into 
three  subshells  and  K^.  Those  near  to  CN“  (K^,  see  Figure  3a  in  ref.  [3])  have  a 

significantly  smaller  shf  interaction.  The  isotropic  shf  constant  reduces  by  about  13%  at 
25  K,  while  the  ansotropic  constant  is  smaller  by  only  5%.  The  other  two  nearest  K 
neighbours  have  only  slightly  different  interactions  compared  to  the  isolated  F  centre. 
Table  11  gives  the  shf  constants  at  various  temperatures  in  comparison  to  those  of  the 
isolated  F  centre. 

There  is  also  an  unusual  temperature  dependence  of  the  shf  interactions,  both  for  the 
and  for  the  ICy  nuclei.  For  the  latter  this  is  shown  in  Figure  2.  Up  to  about  60  K  the 
isotropic  shf  constant  increases  strongly  with  increasing  temperature  while  above  about 
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temperature  [Kl 

FIGURE  3  Temperature  dependence  of  the  isotropic  shf  constant  of  of  Fh(^^CN“)  centres  in  KCI. 
Solid  squares:  ‘low  frequency*  centres  (L);  open  squares:  ‘high  frequency’  centres  (H)  (see  text). 


80-100  K  it  shows  the  linear  temperature  dependence  known  from  earlier  investigations  of 
the  isolated  F  centre  [5].  The  nuclei  have  the  temperature  dependence  known  from  the 
isolated  F  centre.  A  similar  behaviour  is  also  found  for  (Figure  3). 


Table  H 

shf  interaction  parameters  of  the  first  shell  (^^K)  of  FnCChT)  centres  and  of  isolated  F  centres  (last  row,  after  [6]) 


T 

a/h  [MHz] 

b/h  [MHz] 

b'/h  [MHz] 

q/h  [MHz] 

q'/h  [MHz] 

Oq 

25K 

Ka 

20.83 

0.916 

0.061 

K/3 

20.67 

0.90 

0.061 

K7 

18.11 

0.867 

0.032 

0.075 

0.107 

13° 

42.5K 

K/?,a 

20.79 

0.909 

0.063 

K7 

18.41 

0.873 

0.024 

0-086 

0.074 

11° 

70K 

Ka 

20.74 

0.900 

0.063 

Kp 

20.99 

0,901 

0.061 

K7 

18.62 

0.881 

0.006 

0.082 

0.060 

8° 

IlOK 

Ka 

20.81 

0.895 

0.063. 

K/3 

21.20 

0.891 

0.061 

K7 

18.77 

0,873 

0.006 

0.079 

0.055 

0° 

220K 

Ka 

21.04 

0.857 

0.062 

Kp 

21.52 

0.878 

0.062 

K7 

19.01 

0.845 

0.007 

0.078 

0.050 

0° 

77K 

K 

20.719 

0.918 

0.061 

0° 

4  DISCUSSION 

The  disappearance  of  the  ^^C(H)  line  at  low  temperature  (<  10  K)  and  its  thermally 
activated  occupation  points  to  two  orientations  of  the  CN“  molecule  with  respect  to  the  F- 
electron.  Both  orientations  are  energetically  almost  degenerate  regarding  the  small 
activation  energy  of  2,9  meV.  This  agrees  with  the  calculation  made  by  Song  et  al.[7]  who 
found  that  the  total  energies  are  very  close,  to  within  0. 1  eV,  the  precision  position  limit  of 
the  calculation. 

The  temperature  dependence  of  the  intensities  of  the  ^^C(L)  and  ^^C(H)  ENDOR  lines 
follows  an  exponential  law,  which  can  be  modelled  assuming  a  two  level  system.  If  Ni  is 
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the  population  of  the  ground  state,  N2  that  of  the  excited  state,  the  fraction  N2/N1  should  be 
proportional  to  exp(-AE/kT),  where  AE  is  the  energy  difference  between  the  two  states. 
We  can  explain  our  data  very  well  assuming  AE  =  35  K  (2.9  meV). 

The  temperature  dependence  of  the  isotropic  shf  constants  above  80-100  K  is 
practically  the  linear  one  known  for  the  F  centre,  which  is  interpreted  as  being  the 
difference  of  an  increase  because  of  higher  vibrational  amplitudes  of  the  lattice  ions  and  a 
decrease  due  to  the  lattice  expansion.  The  strong  temperature  dependence  found  here  for 
low  temperature,  points,  however,  to  a  soft  local  mode  which  is  thermally  excited. 
Following  the  explanation  of  an  analysis  of  the  temperature  dependence  found  for  atomic 
hydrogen  centres  in  alkali  halides  [8]  we  analysed  the  temperature  dependence  in  the 
following  way: 

If  one  assumes  for  the  ground  state  a  shf  constant  ao  and  for  the  vibrational  excited  state 
a  shf  constant  ai,  which  is  larger  because  of  the  increased  overlap  with  the  F  centre 
electron  due  to  the  higher  vibrational  amplitudes,  one  obtains: 

a(T)  =  aoNo(T)/N  +  aiNi(T)/N 
with  N  =  Ni  +  N2 

The  two  levels  are  occupied  according  to  the  Boltzmann  statistics: 

_  ^0  ai 

-  q~E/WT  ^E/kT  _^l 

where  AE  is  the  thermal  activation  energy.  We  can  explain  our  temperature  dependence 
data  for  very  well  with  ao/h  =  3.75  MHz,  ai/h  =  4.45  MHz  and  AE  =  ^0  ±  5)  K 
((4.2  ±  0.04)  meV).  The  temperature  dependence  of  the  isotropic  constant  of  ^  can  be 
explained  similarily  with  ao/h  =  17.85  MHz,  ai/h  =  20.35  MHz  and  AE  =  (55  ±  5)  K 
((4.6  ±  0.04)  meV).  The  solid  lines  in  Figures  2  and  3  are  the  calculated  temperature 
dependencies  of  the  isotropic  shf  constants  using  equation  (6).  The  two  energies  are  the 
same  within  experimental  error  and  suggest  that  a  soft  mode  vibration  exists  which 
comprises  the  2  neighbours  and  the  CN"  molecules.  Apparently  those  three  ions  are 
particularly  coupled  and  this  coupling  may  be  the  cause  for  the  efficient  energy  transfer 
from  the  F-electron  to  the  vibrations  of  the  CN“  molecule  [1], 

The  question  arises  which  orientation  of  the  CN”  is  the  low  temperature  orientation. 
From  the  temperature  dependence  of  the  shf  interactions  it  is  suggested  that  it  is  that 
orientation,  in  which  the  interaction  is  smaller,  i.e.  where  C  is  further  away  and  N 
nearer  to  the  F-electron  assuming,  that  the  overlaps  with  s-orbitals  are  then  lower. 

The  F-NC”  configuration  would  be  expected  to  be  energetically  slightly  favoured  if  one 
assumes  that  due  to  the  incomplete  of  the  positive  charge  of  the  anion  vacancy  by  the  F- 
electron  the  more  negative  nitrogen  compared  to  the  carbon  in  the  CN”  molecule  [7]  is 
attracted  by  Coulomb  forces.  Thus  the  F-CN”  configuration  is  an  excited  state,  which  is, 
however,  very  close  (AE  =  2.9  meV). 

It  is,  however,  difficult  to  understand  why  the  isotropic  ^^C  interactions  differ  only  so 
little  (by  2%)  and  the  anisotropic  interactions  are  practically  the  same.  This  seems  to  be  at 
variance  with  the  calculations  by  Song  et  al.  [7]  who  found  the  minimum  of  the  total 
energy  for  both  orientations  to  be  for  CN”  at  the  same  distance  from  the  F  centre  at  4.5  A, 
which  is  about  the  distance  of  the  centre  of  gravity  of  CN”  from  the  Cl”  vacancy  centre 
(4.4  A).  When  calculating  the  isotropic  shf  constant  using  the  Schmidt  orthogonalisation 
procedure  with  the  F  centre  envelope  functions  [9]  and  the  CN”  molecular  wave  functions 
[10],  we  obtain  for  F-CN”  a/h  =  19.3  MHz  and  for  F-NC”  a/h  =  0.7  MHz:  the  difference 
comes  out  to  be  two  orders  of  magnitude  too  large  (a  variation  of  the  F  centre  wave 


(4) 

(5) 
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function  alone  would  never  explain  the  small  difference  observed  for  the  two  locations  of 
carbon).  In  order  to  explain  our  experimental  result  (a/h  «  4  MHz)  one  would  need  to  relax 
the  CN“  ion  for  the  low  temperature  F-NC“  configuration  by  about  0.53  A  towards  the  F 
centre,  in  the  other  orientation  away  by  about  the  same  amount.  A  relaxation  by  12%  of  the 
regular  distance  seems  quite  a  lot,  and  it  seems  surprising  that  this  should  not  infiuence  the 
energies  much  more  than  the  experimentally  found  3  meV.  From  the  calculation  of  Song  et 
al  [7]  it  seems  that  the  total  energy  for  the  ground  state  depends  much  more  on  the 
separation  of  the  CN"  ion  from  the  centre  of  the  vacancy.  Whetber  or  not  CN“  is  oriented 
with  its  axis  along  a  (110)  direction  or  whether  it  is  ‘jumping’  about  this  axis  with  a 
frequency  fast  compared  to  our  measurement  frequency  of  a  few  MHz,  we  cannot  say, 
because  we  would  only  measure  a  motionally  averaged  effect. 
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ODEPR  OF  INDIUM  COLOUR  CENTRES  IN  THE 
X-  IRRADIATED  STORAGE  PHOSPHOR  KBr:In 
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The  results  of  measurements  of  the  magnetic  circular  dichroism  of  the  optical  absorption  (MCDA)  and  optically 
detected  electron  paramagnetic  resonance  (ODEPR)  of  X-irradiated  KBr:In  crystals  are  presented.  The  MCDA 
bands  and  ODEPR  parameters  of  In°(l)  centers  and  In^"^  centres  have  been  measured.  The  mechanism  of  the 
energy  storage  in  KBr:In  crystals  is  found  not  to  be  simply  the  formation  of  correlated  F  centre-In^'*'  centre  pairs  as 
was  assumed  previously.  Considerable  similarities  to  the  storage  phosphor  BaFBriEu^"^  were  found  for  the 
photostimulated  emission  and  read-out  properties. 

Key  words’.  X-ray  storage  phosphor.  In  centres,  paramagnetic  resonance. 


1  INTRODUCTION 

Materials  to  produce  X-ray  storage  phosphors  have  attracted  much  interest  recently 
because  of  their  higher  sensitivity  compared  to  X-ray  films  and  because  of  the 
possibility  to  create  digitized  X-ray  images.  There  is  a  search  for  new  materials  besides 
the  well-known  system  BaFBr:Eu^‘^.  Recently  it  has  been  shown  that  KBr:In  has  an  X- 
ray  storage  efficiency  comparable  to  that  of  BaFBr.'Eu^"^  [1]. 

On  the  basis  of  recent  extensive  studies  of  optical  absorption  in  the  visible  and  near 
UV  region  and  of  optically  and  thermally  stimulated  recombination  luminescence  it 
was  proposed  that  X-ray  energy  storage  in  KBr:In  crystals  is  mainly  due  to  the 
formation  of  close  F  center-In^"^  centre  pairs  [2].  The  question  is,  however,  whether 
upon  X-irradiation  of  KBr:In  indeed  spatially  correlated  F  centre-In^"^  centre  pairs  are 
formed  and  if  so,  whether  only  correlated  pairs  are  generated. 

According  to  recent  investigations  with  optically  detected  electron  paramagnetic 
resonance  (ODEPR)  the  X-ray  energy  storage  in  BaFBriEu^"^  is  indeed  based  on 
aggregates  involving  F  centres  as  electron  trap  centres,  spatially  correlated  both  to 
Of“-  and  Eu^'*'  centres  [3,4]. 

Therefore  an  investigation  of  the  radiation  damage  centres  in  KBr:In  was 
undertaken  using  magneto-optical  and  optically  detected  electron  paramagnetic 
resonance  techniques.  We  show  that  indeed  In^"^  centres  are  formed,  but  that  the 
mechanism  for  energy  storage  and  read-out  is  more  complicated  than  assumed  by 
Plavina  et  al.  [2]  with  the  simple  idea  of  correlated  In^'^-F  centre  pairs. 


2  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

KBriln  (1  —  5  x  10^^  cm“^)  crystals  were  X-  irradiated  at  RT  with  a  dose  of  10^  Gy. 
The  magnetic  circular  dichroism  of  the  absorption  (MCDA)  at  L5  K  (Figure  1)  exhibits 
several  bands  in  the  UV  and  IR  in  addition  to  the  strong  MCDA  of  F-centres 
(derivative  structure,  transition  through  zero  at  2.06  eV). 

An  ODEPR  spectrum  similar  to  that  found  for  In°(l)  centres  in  KCl:In  crystals  is 
obtained  [5].  The  ODEPR  spectrum  of  the  In®(l)  centres  in  KBr:In  is  shown  in  Figure  2. 
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FIGURE  3  Tagged  MCDA  spectra  of  In°(l)  centres  (curves  a  and  b,  measured  at  900  mT),  F  centres  (curve  d, 
measured  at  870  mT)  and  In^"^  centres  (curve  c),  measured  at  2030  mT)  in  KBr  after  X-irradiation  at  room 
temperature. 


The  values  of  the  EPR  parameters  are  as  follows:  g||  =  1.97  ±  0.02;  In-hyperfine 
(HF)  splitting  constant  Ay  =  (40  ±  2)  mT;  gx  =  1.88  ±  0.02;  Ax  =  (8  ±  1)  mT; 
P  =  (—0.2  zb  0.05)  mT.  The  MCDA  bands  of  In°(l)  centres  are  located  at  3.99  eV  and 
1.85  eV,  1.4  eV  and  1.2  eV.  They  were  determined  by  measuring  the  ‘tagged’  MCDA 
(see  e.g.  [6]).  The  ‘tagged’  MCDA  spectrum  (i.e.  the  excitation  spectrum  of  the  In°(l) 
ODEPR  lines)  is  shown  in  Figure  3,  curves  a  and  b. 

In  the  UV  region  several  MCDA  bands  appear.  The  ODEPR  line  (Figure  4,  curves  a 
and  b),  detected  in  the  3.95  eV  MCDA  band,  is  located  at  2040  mT.  From  the  Breit- 
Rabi  calculation  (Figure  4,  upper  part  c)  this  line  is  attributed  to  hole  centres  with 
an  In-HF  splitting  constant  of  A  =  13.2  ±0.1  (GHz),  g  ~  2.  Only  one  EPR  transition 
could  be  recorded  with  our  microwave  frequency  of  about  24  GHz.  A  hole  is  trapped 
on  an  In'^-ion  on  the  cation  site.  A  superhyperfine  splitting  from  bromine  nuclei  could 
not  be  resolved  in  the  weak  EPR  line.  The  ‘tagged’  MCDA  spectrum  in  the  UV  region 
contains  a  MCDA  band  located  at  3.95  eV  which  overlaps  the  MCDA  band  for  In°(l) 
centres  at  3.99  eV  (halfwidth  for  both  MCDA  bands  is  above  0.1  eV)  (see  Figure  3, 
curves  b  and  c). 

Because  of  the  strong  overlap  of  the  MCDA  bands  of  both  the  In^"^  and  the  In°(l) 
centres,  both  ODEPR  signals  are  present  simultaneously.  However,  up  to  now  we  have 
not  observed  any  cross  relaxation  effects  in  the  ODEPR  spectra  caused  by  an 
interaction  between  In^'*'  and  In°(l)  nor  between  In^'*’  and  F  centres. 
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FIGURE  4  ODEPR  spectrum  of  centres  in  KBr:In  X-irradiated  at  room  temperature  (curve  a:  as  measured, 
curve  b:  without  MCDA  background)  The  upper  part  c)  represents  the  calculated  Breit-Rabi  diagram  for 
the  In^"^  centres. 


Such  cross  relaxation  effects  had  been  observed  in  the  ODEPR  spectra  of  F  centres 
and  Eu^'^  centres  in  BaFBr:Eu^'^  and  gave  direct  experimental  evidence  for  a  spatial 
correlation  between  the  radiation-induced  F  centres  and  the  activator  Eu^”^  [4]. 

We  have  carried  out  preliminary  experiments  on  the  bleaching  of  F  centres  using  the 
light  of  a  He-Ne  laser  at  RT  as  well  as  at  low  temperatures.  These  experiments  show 
that  the  mechanism  of  the  energy  storage  in  KBr:In  crystals  is  considerably  more 
complicated  than  described  by  the  assumption  that  only  the  F  centre-In^"^  centre  pairs 
are  formed  and  recombine  during  the  read-out  process.  After  exhaustion  of  the 
photostimulated  emission  at  low  temperature,  only  a  fraction  of  the  F  centres  is 
bleached,  and  very  few  In^"^  centres  have  dis^peared.  Also  the  In°(l)  centres  remain. 

Similarity  to  the  observations  in  BaFBriEu^'*’  crystals  [7],  also  in  the  KBr:In  crystals 
the  photostimulated  luminescence  can  be  exhausted  by  low  temperature  (4  K)  read-out 
with  the  light  of  the  He-Ne  laser,  and  then  be  restored  again  partially  by  warming  up  to 
RT  in  the  dark  (so-called  replenishment  effect  [7]). 

Thus  it  may  be  speculated  that  similaiily  as  in  the  case  of  BaFBriEu^'^  there  are 
aggregates  of  F  centres,  In+  centres  and  an  unknown  hole  centre  which  leads  to  the 
photostimulated  luminescence,  if  F  centres  are  excited  and  recombine  with  the  hole  centres, 
upon  which  process  the  In'*'  is  excited  and  emits  the  observed  In'*'-related  luminescence 
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[1,2].  According  to  our  results  it  seems  unlikely  that  the  dominating  process  is  that  of  an  F 
centres-In^*^  center  recombination,  as  was  assumed  by  Plavina  aL  [2]. 

According  to  a  recent  report  [8],  the  spectrum  of  the  excitation  of  the 
photostimulated  luminescence  significantly  differs  from  the  absorption  band  of  the  F 
centres  and  includes  additionally  a  long  wavelength  region,  where  the  absorption  band 
of  the  In''(l)  centres  occurs. 

The  role  of  In°(l)  centres  is  at  present  not  clear.  Since  they  are  also  electron  trap 
centres,  they  may  be  excited  similarily  as  F  centres  for  a  read-out  process. 
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THERMOACTIVATED  SPECTROSCOPY  OF 
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Recombination  luminescence  emission  spectra,  TSL  and  trap  spectra  estimated  by  fractional  glow  technique 
(FGT),  in  nominally  pure  and  Li-,  Bi-  and  Ho-doped  CdW04  crystals  are  reported.  According  to  the 
investigations  by  FGT  heterovalent  impurities  Li,  Bi  and  Ho  causes  locdized  electronic  states  which  act  as  traps 
for  charge  carriers.  It  is  shown  that  TSL  results  in  emission  of  known  blue-green  luminescence  band  by  emptying 
of  the  Li'^-ielated  traps  in  CdW04-Li  and  yellow  luminescence  band  by  emptying  of  the  Bi^'^-related  traps  in 
CdW04-Bi.  It  is  proposed  that  blue-green  and  yellow  luminescence  occur  by  recombination  correspondingly  of 
free  holes  and  free  electrons  at  different  intrinsic  tungstate  group  related  luminescence  centers. 

Key  words:  CdW04;  impurities;  defects;  electron  traps;  TSL;  luminescence. 


Like  other  tungstates  two  luminescence  bands  are  observed  in  CdW04.  Upon  excitation 
into  the  optical  band  gap  the  blue-green  emission  occurs  attributed  to  the  intrinsic 
^Ti  ^Ai  transitions  within  an  octahedral  WOg  group  [1].  Additional  yellow 
luminescence  band  (excitation  band  at  355  nm  shifted  to  the  lower  photon  energies)  is 
attributed  to  transitions  in  a  tungstate  group  which  lacks  one  oxygen  ion  [1].  Presence  of 
impurities  in  CdW04  may  cause  the  formation  of  the  color  centers.  Local  [2]  or  non-local 
[3]  charge  compensation  of  the  Me^'^  impurity  dopands  by  Vqh  centers  has  been 
discussed.  It  can  be  expected  that  heterovalent  ions  substituting  cations  can  form  either 
donor-acceptor  type  centers  or  complex  centers  which  involve  charge-compensating 
defects.  The  nature  of  the  recombination  luminescence  due  the  presence  of  the  intrinsic 
defects  and  the  heterovalent  impurities  in  CdW04  is  discussed. 

Nominally  stoichiometric  single  crystals  of  CdW04,  pure  and  doped  by  heterovalent 
Li'*',  Ho^'*'  and  Bi^'*'  ions  were  grown  in  air  by  Chochralsky  technique.  Cation  deficient 
crystals  were  obtained  from  melt  composition  with  non-stoichiometric  excess  of  WO3. 
Trap  spectra  were  examined  by  fractional  glow  technique  (FGT)  as  described  in  [4,5].  X- 
irradiated  (up  to  10^  Gy)  samples  of  dimensions  about  5  x  5  x  0.5  mm^  were  investigated. 

Trap  spectrum  of  nominally-pure  CdW04  (Figure  1)  is  represented  by  5  kinds  of  single 
monoenergetic  traps  (glow  peaks  and  corresponding  activation  energies  £  at  120  K, 
0.41  eV;  141  K,  0.44  eV;  160  K,  0.56  eV;  183  K,  0.61  eV  and  207  K,  0.68  eV). 
Qualitatively  similar  trap  spectrum  occurs  in  cation  deficient  crystals  (Figure  1).  At 
equivalent  X-ray  excitation  dose  the  main  light  sum  is  accumulated  by  traps  represented  by 
120K  TSL  peak  instead  of  the  183K  TSL  peak  in  nominally  stoichiometric  sample,  the 
total  accumulated  light  sum  being  slightly  suppressed  (see  TSL  intensities.  Figure  2a).  For 
various  TSL  peaks  in  undoped  CdW04  the  emission  spectrum  corresponds  either  the  blue- 
green  or  yellow  luminescence  (see  Figure  2a:  120  K  and  183  K  peaks)  [5].  Thus,  presence 
of  the  thermostimulated  recombination  processes  of  different  nature  shall  be  expected. 

Presence  of  Li,  Bi  (Figure  2b,c)  and  Ho  does  not  results  in  appearance  of  new 
luminescence  bands  additional  to  the  blue-green  and  yellow  ones.  Under  X-ray  excitation 
the  blue-green  band  in  doped  crystals  is  slightly  suppressed  with  respect  to  the  yellow  one 
when  compare  to  the  nominally  undoped  crystals. 

Comparative  trap  spectroscopy  of  the  pure  and  Li,  Bi,  Ho  doped  CdW04  samples  by 
FGT  indicates  that  heterovalent  impurities  forms  localized  electronic  states  which  act  as 
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FIGURE  1  FGT  spectra  of  undoped  nominally  stoichiometric  (a)  and  WOa-excess  (b)  CdW04,  X-irradiated  at 
80  K.  +++-J — glow  intensity;  □□□□ — mean  activation  energy;  oooo — process  frequency  factor.  Arrows 
indicate  the  value  of  the  activation  energy  of  corresponding  traps. 
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FIGURE  2  Luminescence  spectra  of  nominally  stoichiometric  CdW04(a),  CdW04-Bi  (b)  and  CdW04-Li. 

□  □□□ — X-ray  luminescence  at  300  K;  +++-\ — and  oooo-TSL  emission  spectra  at  stimulation  temperatures 
Tstimi  indicated  in  Figure. 
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HGURE  3  FGT  spectra  of  CdW04-Li  (a)  CdW04-Bi  (b)  and  CdW04-Ho,  X-irradiated  at  80  K.  -H-+H — glow 
intensity;  **** — mean  activation  energy;  0000 — process  frequency  factor.  Arrows  indicate  the  value  of  the 
activation  energy  of  corresponding  traps. 


traps  for  charge  carriers.  For  each  examined  kind  of  impurities  characteristic  main  glow 
peak  occurs  (Figure  3)  at  -125  K,  155  K  and  175  K  in  Ho-,  Li-  and  Bi-doped  samples 
correspondingly.  According  to  the  FGT  the  Li-  and  the  Bi-related  traps  are  mono- 
energetic,  the  activation  energy  E  being  0.48  eV  and  0.56  eV  correspondingly.  The  Ho- 
related  traps  are  distributed  in  depths  in  the  E  region  -0.37-0.47  eV.  The  values  of  the 
frequency  factor,  s  for  Li-,  Bi-  and  Ho-related  traps  are  of  the  order  lO^^-lO^^s”*.  Being 
close  to  the  optical  phonon  frequency  they  are  typical  for  thermostimulated  recombination 
processes  governed  by  release  rate  of  free  electrons  or  holes.  Decrease  of  the  frequency 
factor,  when  stimulation  temperature  rises,  indicate  that  the  order  of  the  recombination 
process  kinetics  exceeds  1  [5].  Presence  of  the  heterovalent  impurities  Li  and  Bi  results  in 
sufficiently  enchanted  efficiency  of  the  light  sum  accumulation. 

In  the  case  of  emptying  of  the  Li-related  traps  at  155  K  mainly  blue-green  luminescence 
band  occurs  (Figure  2c).  Thus,  the  spectral  composition  of  the  glow  corresponds  to  that  of 
X-ray  excited  luminescence,  whereas  emptying  of  the  Bi-related  traps  results  in  the  yellow 
luminescence  band  (Figure  2b).  In  the  case  Li"^  and  Bi^*^  ions  in  CdWo4  substitute  Cd 
correspondingly  acceptor-  and  donor-like  centers  will  be  formed  in  doped  crystals  which 
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can  act  as  hole  and  electron  traps.  Thus  the  difference  in  the  TEL  emission  in  the  course  of 
emptying  of  the  Li-  and  Bi-related  traps  can  be  explained  assuming  that  the  blue-green 
luminescence  occurs  by  recombination  of  holes  with  electrons  localized  at  intrinsic  defects 
related  to  the  WOg  group.  The  yellow  luminescence  occurs  by  recombination  of  free 
electrons  with  holes  localized  at  tungstate  groups  which  lacks  one  oxygen  ion  [1]. 


REFERENCES 

1.  Lammers  M.  J.  J.,  Blasse,  G.  and  Robertson  D.  S.  phys.  stat.  sol.  (a),  63,  569  (1981). 

2.  Foldvari  L,  Capelletti  R,  et  al.  Sol  St.  Commun.,  1987,  vol.  63,  787  (1987). 

3.  Watterich  A.  Defects  in  Insulat.  Material,  ed.  by  O.  Kanert,  J.-M.  Spaeth,  World  Scientific,  Singapore, 
(1993). 

4.  Tale  I.  Phys.  Status  Solidi  (a),  66,  65  {\9%\). 

5.  Tale  I.  Proc.  Sov.  Acad.  Sci.  phys.  sci.  45,  245  (1981)  (in  mss.). 


Radiation  Effects  and  Defects  in  Solids,  1995,  VoL  134,  pp.  481-483 
Reprints  available  directly  from  the  publisher 
Photocopying  permitted  by  license  only 


©  1995  OPA  (Overseas  Publishers  Association) 
Amsterdam  B.V.  Published  under  license  by 
Gordon  and  Breach  Science  Publishers  SA 
Printed  in  Malaysia 


POINT  DEFECTS  RELATED  TO  260  K 
THERMOSTIMULATED  LUMINESCENCE  IN  a-A^Oa 


M,  SPRINGIS,  P.  KULIS  and  1.  TALE 

Inst,  of  Solid  State  Physics  University  Latvia,  8  Kengaraga  St,  LV-1063  Riga,  Latvia 

Abstract  Thermo-  and  photostimulated  processes  are  studied  in  reduced  hydrogen  containing  a-Al203  excited  by 
UV  light.  It  is  found  that  UV  excitation  in  F  absorption  band  at  90  K  results  in  a  ionization  of  the  F-centers  and 
capture  of  released  electrons  at  defects  thus  producing  an  anisotropy  absorption  band  at  4.2  eV  and  the  dominant 
thermoluminescence  (TL)  peak  at  260  K.  The  260  K  TSL  peak  is  accompanied  by  complete  bleaching  of  the 
4.2  eV  absorption  band  and  vice  versa — by  light  stimulation  in  the  region  of  the  4.2  eV  band  the  260  K  TSL  peak 
disappear  and  released  electrons  recombine  with  F^-centers.  Both  the  effect  of  the  preliminary  high-temperature 
thermal  treatment  of  samples  on  formation  of  4.2  eV-centers  and  the  observed  dichroism  characteristics  allows  to 
conclude  that  corresponding  complex  defect  contains  hydrogen  and  can  involve  vacancy  pair. 

Key  words:  a-Al203,  defects,  thermoluminescence,  photostimulation,  radiation  processes. 


Anion  deficient  a-Al203  is  one  of  materials  intensively  studied  for  thermoluminescence 
(TL)  dosimetry  applications.  It  is  known  that  the  sensitivity,  amount  and  position  of  TL 
peaks  in  a  a-Al203  are  significantly  dependent  from  crystal  growth  and  treatment 
conditions. 

We  reported  here  on  the  optical  properties  of  point  defects  related  to  the  260  K  TL  peak 
in  a“Al203  crystals  containing  hydrogen  and  annealed  in  reducing  atmosphere.  The 
examined  crystals  were  grown  either  by  the  Vemeuil  or  Chochralsky  technique.  Annealing 
in  hydrogen  and  then  in  reducing  atmosphere  were  performed  in  hermetic  Mo  bomb. 


FIGURE  1  TL  curve  of  a-Al203  crystals  containing  hydrogen  and  annealed  in  reducing  atmosphere  excited  by 
UV  light  in  F-center  absorption  band  at  90  K. 
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FIGURE  2  The  spectral  composition  of  260  K  TL  peak  (squares)  and  F-  center  emission  excited  in  absorption 
band  of  F  centers  at  6.0  eV  (circles). 


According  to  the  IR  absorption  spectra  the  Vemeuil  crystals  especially  those  previously 
annealed  in  oxygen  contains  OH  ions.  Reducing  in  A1  vapors  destroys  OH-centers  and 
produces  F-(hi/abs  =  6.0  eV)  and  F^-centers  as  main  intrinsic  defects  (see,  for  example  [1]). 

The  UV  excitation  in  F-center  absorption  band  at  90  K  results  in  decrease  of  the  F 
center  absorption  and  proportionally  increase  of  the  F'^  center  absorption.  Simultaneously  a 
new  broad  absorption  band  at  hv  =  4.2  eV  and  a||/a_L  =  0.7  appears  (ay  and  a_L — absorption 
for  light  polarized  parallel  and  perpendicular  to  the  C3  axis  of  crystal  respectively). 

In  the  course  of  the  heating  the  260  K  TL  peak  dominates  (Figure  1).  The  spectral 
composition  of  the  TL  (Figure  2)  corresponds  to  the  F-center  emission  (hz/max  =  3,0  eV). 
Thermostimulated  recombination  at  260  K  destroys  the  4.2  eV  absorption  band. 

Optical  stimulation  at  90  K  in  the  4.2  eV  band  previously  created  by  UV  excitation  in 
F-absorption  band  yields  to  the  F-center  emission.  Photostimulation  spectrum  of  F- 
luminescence  is  presented  on  Figure  3.  Efficiency  of  photostimulation  depends  on  light 
polarization.  Light  polarized  perpendicular  (j^)  to  the  C3  axis  of  crystal  stimulates  F- 
luminescence  more  effective  than  light  polarized  parallel  (||)  to  the  C3  axis  the  ratio  being 
||/±  =  0.7  (Figure  3).  Optical  bleaching  of  the  4.2  eV  absorption  band  is  accompanied  by 
complete  disappearance  of  the  260  K  TL  peak.  Maximum  of  the  photo  bleaching 
efficiency  of  the  260  K  TL  peak  correlate  with  photostimulation  maximum  of  the  F- 
emission  (Figure  3). 

The  experimental  data  obtained  lead  us  to  conclude  that  anion  deficient  Q!-A1203 
crystals  containing  previously  hydrogen  or  annealed  in  hydrogen  contain  defects  able, 
below  240  K,  to  trap  electrons  released  by  photoionization  of  F-centers,  thus  resulting  in 
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FIGURE  3  Photostimulation  spectrum  of  F  luminescence  of  a-Al203  crystal  excited  by  UV  light  in  F-center 
absoiption  band  at  90  K  (squares),  photostimulation  ratio  Ij[/lx  of  F  center  emission  (triangles)  and  260  K  TL 
peak  quenching  efficiency  (circles). 


production  of  color  centers  with  anistropy  absorption  band  at  4,2  eV.  The  260  K  TL  is  due 
to  the  release  of  electrons  from  Aese  anistropy  color  centers  with  subsequent 
recombination  to  F^-centers  resulting  in  F-center  emission. 

Optical  anistropy  of  4.2  eV  band  in  dipole  approximation  corresponds  to  the  electric 
dipole  oriented  at  60°  with  respect  to  the  C3  axis.  This  angle  approximately  corresponds  to 
nearest  anion  cation  direction.  In  terms  of  the  one  anion  vacancy  center  with  three  or  more 
electrons  it  is  difficult  to  explain  the  observed  anisotropy.  The  latter  however  does  not 
exclude  the  two-vacancy  center  as  possible  candidate  for  the  4.2  eV  absorption.  We 
speculate  also  on  the  role  of  hydrogen  by  formation  of  electron  traps  in  reduced  a-AlaOs. 
The  considerations  are  based  on  fact  Aat  both  dominant  260  K  TL  peak  and  4.2  eV 
absorption  band  were  obtained  only  in  those  thermochemically  reduced  a-Al203  crystals 
which  before  reduction  either  contains  OH  (crystals  obtained  by  the  Vemeuil  technique)  or 
were  preliminary  annealed  in  hydrogen  atmosphere.  The  optical  anisotropy  and  thermal 
stability  suggests  that  defect,  responsible  for  4.2  eV  absorption  band  is  probably  complex 
occupying  anion-cation  sites  and  hydrogen  nearby.  A  similar  situation  exists  also  in 
thermochemically  reduced  MgO  where  260  K  TL  peak  is  attributed  to  the  release  of 
electrons  fi*om  [Hx~]°  ions  [2]. 
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A  DEFECT  MODEL  FOR  THE  OPTICAL  AND  EPR 
ACTIVITY  OF  THE  T-CENTER  IN 
YTTRIUM-STABILIZED  ZIRCONIA 

C.  B.  AZZONI,  L.  BOLIS,  P.  CAMAGNI,  G.  C.  CAMPAGNOLI  and  M.  DE  SIMONE 

Dipartimento  di  Fisica  A.  Volta'  Via  A.  Bassi,  6-27100  Pavia,  Italy 

Direct  quantitative  correlations  have  been  recently  observed  between  the  T-centre  EPR  signal  and  an  optical 
absorption  band  at  370  nm,  in  X-irradiated  YSZ,  suggesting  that  the  colour  centre  and  the  paramagnetic  centre 
might  be  the  same  entity.  In  order  to  confirm  this  hypothesis,  theoretical  modeling  was  undertaken,  where  by 
appropriate  refinement  the  known  electronic  structure  of  the  T-centre  is  shown  to  be  compatible  with  an  opticd 
transition,  having  an  oscillator  strength  of  the  correct  magnitude. 


1  INTRODUCTION 

Yttria-stabilized  zirconia  (YSZ)  is  a  well  studied  material  in  its  cubic  phase,  which  is  stable 
at  RT  for  yttria  concentrations  exceeding  -  6.5  mol%.  A  variety  of  electronic  centres, 
showing  optical  and/or  paramagnetic  activity,  can  be  introduced  in  YSZ  by  irradiation  or 
electro-reduction  [1].  Study  of  the  underlying  structures  is  a  goal  of  specie  interest,  as  it 
offers  the  way  for  probing  the  complex  system  of  ‘structural’  or  stoichiometric  defects  in 
these  compounds. 

Attention  has  been  devoted  recently  to  the  electron-type  T-centre,  It  appears  to  consist 
of  an  excess  electron  on  a  Zr'^'^  ion,  midway  between  two  vacancies  at  the  opposite  ends  of 
the  coordination  cube  (Figure  1).  Elements  of  identification,  coming  from  EPR  analysis, 
include  [2]:  i)  axial  anisotropy  of  the  g  tensor,  with  g//  ==  1.989  and  g_L  1.84  and  a 
defect  axis  in  the  (111)  crystal  direction,  giving  rise  to  a  fourfold  multiplicity  of  the 
spectrum;  ii)  anisotropy  of  the  linewidth  AB,  ranging  from  0.7  mT  to  6  mT  as  B  rotates 
from  the  (111)  direction  to  the  orthogonal  one:  in  the  latter  case  the  lineshape  is  gaussian; 
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iii)  asymmetry  of  the  line  shape,  evident  when  B//(lll).  The  main  features  of  the  EPR 
spectrum  were  shown  to  be  compatible  with  a  point-ion  model  of  Dsd  symmetry  having  a 
centre  of  inversion  at  the  Zr  site  (Figure  1).  Broadening  was  proposed  to  arise  from  an 
inhomogeneous  spread  of  gx  within  ±  0.03  from  its  average  value  [2]. 

Direct  quantitative  correlations,  for  what  concerns  production  yield  and  annealing,  have 
been  found  between  the  EPR  signal  and  a  broad  gaussian-like  absorption  band  at  3.35  eV 
[3].  This  suggested  that  the  colour  centre  and  the  paramagnetic  T-centre  might  well  be  the 
same  entity.  Checking  this  identification  is  of  some  importance,  as  it  can  improve  our 
means  of  studying  the  behaviour  of  the  precursor  defect,  i.e.  the  two  vacancy  complex 
described  before.  In  the  following,  we  sketch  the  main  lines  of  a  theoretical  model,  aimed 
to  describe  the  optical  activity  as  well.  The  model  extends  the  lines  of  a  previous  treatment, 
in  which  the  T-centre  is  schematized  as  a  simple  4d^  system  in  the  field  of  a  central  Zr  ion, 
in  the  ligand  field  of  six  surrounding  oxygen  ions  [2]. 


2  OPTICAL  TRANSITIONS  OF  THE  T-CENTRE 

In  the  hypothesis  that  paramagnetic  and  optical  properties  are  due  to  the  same  centre,  one 
can  equate  the  absolute  densities  measured  by  EPR  with  those,  which  one  derives  from  the 
area  under  the  optical  absorption  spectrum  (Smakula’s  formula).  In  this  way,  a  value  of 
f  =  0.03  was  obtained  for  the  oscillator  strength  of  the  T-centre.  Theoretical  modeling  was 
undertaken  to  justify  this  sizeable  figure. 

As  regards  the  optical  activity  of  the  T-centre,  two  possible  level  schemes  have  been 
tentatively  proposed,  namely  intersystem  transition  to  the  conduction  band  [3]  or  intra¬ 
centre  crystal-field  (CF)  transition  of  the  Zr^"^  ion  [4].  Following  the  intra-centre 
interpretation  the  observed  optical  band  should  be  associated  with  electronic  dipole 
transitions  within  the  4d*  manifold.  Local  symmetry  is  crucial  in  determining  the 
possibility  of  such  transitions.  Owing  to  parity  selection  rules,  distortions  of  the  defect 
structure  are  to  be  invoked:  in  fact,  the  existence  of  electric-dipole  matrices  determining 
the  oscillator  strength  is  compatible  only  with  a  lower  symmetry,  lacking  the  inversion 
centre  (e.g.  Csv).  Additional  constraints  must  be  imposed  on  the  ionic  configuration,  if  the 
model  is  to  explain  at  the  same  time  the  EPR  and  optical  spectrum  and  their 
inhomogeneous  character.  On  the  other  hand,  the  picture  should  remain  consistent  with 
the  previous  modeling  of  paramagnetic  activity,  based  on  a  symmetric  configuration. 

Starting  from  static  dilatations  of  the  coordination  cube,  with  fixed  Dad  symmetry,  we 
have  considered  the  effect  of  asymmetric  rearrangements  on  the  energy  level  scheme  of  the 
4d*  system.  Each  configuration  of  the  ligand  field  is  now  specified  by  a  value  a  (side  of  the 
cube)  and  by  displacements  rj\a,  772^,  each  of  which  describes  the  common  relaxation  of 
the  three  oxigens  in  a  given  coordination  plane,  towards  the  nearest  vacancy  (Cav 
distortion,  see  Figure  1). 

The  explicit  form  of  the  crystal  field  potential  was  analysed  in  terms  of  spherical 
harmonics,  separating  the  two  distinct  parts  Vgven  ^^d  Vodd-  Th^  even  terms,  modified  with 
respect  to  the  symmetric  situation  by  the  presence  of  the  distortion,  were  used  to  define 
new  states,  hence  the  g-factor  and  the  AE  splitting  were  re-evaluated  as  a  function  of  the 
above  defined  variables.  Actual  calculations  moved  from  diagonalization  of  the  even  part 
of  CF  Hamiltonian  in  the  base  of  free-ion  d  states,  under  the  assumption  that  these  be  well 
separated  in  energy  from  the  excited  p  and  f  multiplets.  This  is  the  case  as  the  separation 
between  the  4d^  configuration  and  the  next  excited  one  4d^5p\  for  the  Zr^**'  free  ion,  is 
about  10  eV  [5],  to  be  compared  with  a  calculated  CF  splitting  of  the  multiplet,  which 
is  substantially  less  than  4  eV. 
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a  (A) 

FIGURE  2  Plots  of  calculated  energy  values  AE  (full  squares)  and  gx-factors  (open  circles)  for  different 
distorted  situations,  characterized  by  2.57  A  <  a  <  2.67  A  and  by  0.9  <  t^i  <  0.19,  for  fixed  7/2  =0.14 
(in  units  of  d). 


Figure  2  shows  for  a  number  of  configurations  with  varying  a,  the  spread  of  the 
calculated  energy  values  AE  and  of  the  gx -factor,  consequent  to  different  choice  of  771  (for 
fixed  r]2  =  0A4a\  i.e.  of  the  €3^  distortion.  Among  other  things,  these  data  helped  us  in 
fixing  the  range  of  variation  of  the  parameters  a,  771  and  772  which  is  compatible  with  the 
spread  of  gx -values  already  known  from  EPR,  as  well  as  with  an  energy  of  about  3.35  eV, 
needed  to  justify  the  observed  optical  transition  at  370  nm.  The  insert  illustrates  in  greater 
detail  the  data  for  a  median  configuration  a  =  2.62  A,  corresponding  to  a  dilatation  of  2% 
of  the  regular  cube  («o  =  2.57  A). 

Calculation  of  the  oscillator  strength,  for  CF  optical  transitions  of  the  T-centre,  was  then 
carried  out  in  the  scheme  of  the  effective  dipole  approximation.  In  the  assumption  that  the 
odd-parity  terms  are  perturbations  of  the  Z)3d  crystal  field,  perturbation  theory  was  applied 
to  evaluate  the  non-vanishing  matrix  elements  of  the  electric  dipole  P,  by  computing 
Peff  =  Vodd’P  in  terms  of  unperturbed  states.  The  oscillator  strength  f  was  calculated  from 
the  expression  [6]: 


f  = 


STT^m 

3he2 


<1 


IP 


eff' 


+  |p^  |2_|_|pZ  I 

'  eff'  '  eff' 


where  the  symbols  have  the  usual  meaning,  and  P'^  are  the  matrix  elements  of  the  dipole 
components,  referred  to  orthogonal  axes  which  are  congruent  with  the  principal  axes  of  the 
local  symmetry.  These  terms  were  evaluated  considering  each  product  operator  Vodd  *  Pi  in 
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FIGURE  3  Plot  of  the  calculated  oscillator  strength  for  different  distortions,  for  a  given  size  of  the 
coordination  cube.  The  insert  shows  the  plots  of  spherical  harmonic  coefficients,  used  in  the  model. 


terms  of  Stevens  operators.  The  results  are  summarized  in  Figure  3,  showing  the  calculated 
oscillator  strength  for  various  distorted  configurations,  around  a  median  symmetric  one 
with  a  =  2.62  A.  We  notice  that  the  experimental  f-value  of  0.03,  reported  here  as  an  open 
circle,  matches  with  a  comfortable  value  of  distortion  C3V,  for  the  same  a  value  which  was 
shown  compatible  with  the  correct  transition  energy  (see  Figure  2).  The  insert  illustrates 
the  corresponding  trend  of  the  odd  spherical  harmonic  coefficients,  which  were  employed 
in  these  calculations.  They  show  a  common  zero,  which  correctly  corresponds  to  771  =  772, 
i.e.  to  the  absence  of  Csv  distortion. 
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INFLUENCE  OF  OH"  IMPURITIES  ON  THE 
RELAXATION  OF  F  CENTERS  STUDIED 
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The  relaxation  of  the  two  configurations  of  the  Fh(OH“)  center  in  KBr  is  studied  with  a  time-resolved  induced 
transparency  technique.  Multiple  decay  components  are  observed.  The  slowest  of  these  is  interpreted  as 
conversion  in  the  ground  state  between  the  red  and  blue  configuration  of  the  Fh  center,  on  a  longer  than 
nanosecond  time  scale.  A  contribution  of  the  order  of  100  ps  might  be  related  to  non-radiative  electronic 
relaxation,  but  cannot  be  identified  with  certainty.  An  unresolved  transient,  faster  than  10  ps,  might  be  related  to  a 
cross-over  process. 

Key  words:  F  centers,  time-resolved  measurements,  energy  transfer,  non-radiative  decay. 


1  INTRODUCTION 

The  emission  of  F  centers  in  alkali  halides  can  be  quenched  by  the  presence  of  impurities, 
especially  CN~  and  OH“.  This  quenching,  with  the  associated  radiationless  decay  and 
possible  energy  transfer  from  the  F  center  to  the  impurity,  has  attracted  much  interest  in  the 
last  years.  ^  Our  study  is  directed  at  clarifying  the  interaction  between  the  F  center  and  a 
neighboring  OH”  in  KBr.  In  this  host  two  configurations  of  the  Fh(OH”)  aggregate  center 
exist,  with  different  orientations  of  the  OH“  axis  to  the  axis  of  Ae  Fh  center,^  one  with 
a  blue-shifted  and  the  other  with  a  red-shifted  absorption  band.^  Above  10  K,  the 
configurations  are  thermally  converted  into  one  another.  Below  5  K  full  optical  bistability 
is  found.  Between  5  K  and  10  K,  the  red  centers  decay;  we  observe  a  conversion  rate  of  24 
minutes  at  7  K. 

We  use  a  picosecond  pump-probe  induced  transparency  technique."^  A  small  fraction  of 
the  F  centers  is  excited  by  the  pump  pulse.  The  repopulation  of  the  ground  state  is 
observed  as  a  change  in  the  absorption  experienced  by  a  delayed  probe  pulse.  Double 
modulation  and  phase-sensitive  detection  are  applied;  the  combination  of  the  82  MHz 
pulse  repetition  rate  and  the  10  MHz  modulation  can  cause  significant  distortions  of  the 
amplitude  of  combined  slow  and  fast  decay  signals,  but  the  decay  times  are  unaffected.^ 
Because  of  the  phase-sensitive  detection,  we  do  not  know  the  absolute  sign  of  the  signal.  A 
positive  signal  indicates  a  decrease  of  the  absorption  at  the  probe  wavelength;  a  negative 
signal  an  increase. 


2  OBSERVATIONS 

To  create  Fh(OH")  centers,  additively  colored  crystals  were  bleached  at  240  K  with 
600  nm  light  of  low  intensity.  The  conversion  was  checked  by  monitoring  the  quenching 
of  the  luminescence  and  the  position  of  the  absorption  band.  Some  samples  had  an  absorp¬ 
tion  at  low  temperatures  significantly  different  from  that  reported  by  Baldacchini  et  al.. 
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DELAY  TIME  (ps) 

FIGURE  1  Decay  signal  at  50  K,  recorded  with  the  pump  wavelength  fixed  at  580  nm,  and  probe  wavelength 
as  indicated.  The  dotted  lines  are  at  zero  intensity.  Resolution  is  25  ps. 


and  these  also  have  completely  different  decay  spectra.^  This  might  be  caused  by  the  stress 
we  observed  in  these  samples. 

The  decay  spectra  are  strongly  dependent  on  the  wavelength  of  the  pump  and  probe 
pulses.  This  is  not  unexpected,  because  the  Fh  center  is  present  in  two  configurations  that 
can  be  optically  converted  into  each  other  at  low  temperatures.  In  Figure  1,  decay  spectra 
are  shown,  recorded  at  a  temperature  of  50  K  and  a  fixed  pump  wavelength  of  580  nm. 
There  is  a  combination  of  at  least  three  decay  components:  an  unresolved  transient  at  zero 
delay,  a  component  with  a  decay  time  of  the  order  of  100  ps  that  changes  sign  when  the 
probe  is  scanned  from  the  blue  to  the  red,  and  a  contribution  on  a  time  scale  longer  than  the 
1300  ps  experimental  range,  that  also  changes  sign. 

A  slow  negative  component  can  appear  if  F'  or  F2  centers  are  present,^  but  their 
concentration  is  low  enough  to  exclude  this.  We  interpret  the  slowest  decay  as  a  relaxation 
to  equilibrium  of  the  concentrations  of  the  red  and  blue  centers  in  the  ground  state.  The 
disturbance  of  the  equilibrium  could  be  caused  either  by  conversion  in  the  excited  state, 
reorientation  of  the  OH“  as  part  of  the  non-radiative  decay  process,*  or  reorientation 
related  to  dissipation  of  the  vibrational  energy  released  in  this  decay.^  The  gradual  change 
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FIGURE  2  Relative  amplitude  of  the  slov^^  component  to  the  100  ps  component,  as  a  function  of  probe 
wavelength,  for  fixed  temperatures  and  pump  wavelengths  as  indicated  in  the  legend.  The  jump  in  the  Q  series  is 
caused  by  a  sign  change  of  the  fast  component;  this  does  not  occur  with  a  620  nm  pump. 


of  the  amplitude  of  this  component  relative  to  that  of  the  100  ps  contribution,  when 
scanning  from  the  red  to  the  blue,  is  plotted  in  Figure  2. 

The  100  ps  decay  component  is  likely  to  be  related  to  the  non-radiative  relaxation  of  the 
F  center.  This  might  be  a  horizontal  vibronic  tunneling  process  enhanced  by  energy 
transfer  to  the  OH“  intramolecular  vibration  or  libration,  or  a  transition  stimulated  by 
reorientation  of  the  OH“  dipole.^  The  observed  change  of  the  sign  of  this  contribution  can 
be  related  to  excited  state  absorption  or  reorientation  of  the  OH“  ion. 

The  amplitude  of  the  fast  transient  might  be  larger  than  seen  on  the  Figure,  if  its  lifetime 
is  significantly  below  the  experimental  resolution.  Because  its  time  scale  is  that  of  the 
vibrational  relaxation  of  the  F  center,  it  may  be  related  to  a  cross-over  process. 

Decay  spectra  at  different  temperatures  are  shown  in  Figure  3.  At  10  K,  the  fast 
component  has  a  relaxation  time  of  300  ps;  at  50  K  this  is  reduced  to  75  ps.  Each  of  these 
spectra  refiects  a  different  proportion  of  red  and  blue  absorption,  because  of  the  strongly 
different  thermal  equilibrium  concentrations,^  therefore  the  relaxation  rates  should  be 
analyzed  with  great  care,  because  the  red  and  blue  center  are  likely  to  have  different 
properties. 
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FIGURE  3  Decay  signals  recorded  with  pump  and  probe  pulses  at  600  nm,  for  varying  temperatures. 
The  indicated  decay  time  is  that  of  the  fast  component.  Resolution  is  7  ps. 
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The  paper  is  dedicated  to  investigation  of  possible  ways  of  stabilization  of  the  H  centres  created  together  with  F 
and  Mg'*"  centres  in  a  process  of  decay  of  selftrapped  exciton.  As  a  main  mode  of  the  H  centres  stabilizationa 
capture  of  the  H  centre  by  magnesium-vacancy  dipole  and  creation  of  V-type  centre  was  suggested.  This  process 
was  theoretically  studied  in  the  frames  of  model  of  molecular  cluster  which  electron  structure  was  calculated  by 
the  semi-empirical  version  of  the  Hartree-Fock  method.  For  experimental  corroboration  of  this  process  the 
relations  between  dependences  of  magnesium  dipoles  decrease  on  dose  of  gamma  irradiation  and  corresponding 
dose  dependences  of  the  Mg”*^,  Mg°,  and  F  centres  radiation  creation  were  used. 

Key  words:  Lithium  fluoride,  dipole,  H  centre,  stabilization,  Hartree-Fock  method. 


1  INTRODUCTION 

Storage  of  ionizing  radiation  energy  in  LiF  crystals  doped  with  magnesium  is  of  a  great 
interest  because  of  wide  using  of  these  crystals  (additionally  doped  with  Ti  or  Cu,  P)  for 
thermoluminescent  dosimetry.  But  the  main  attention  is  commonly  paid  to  the  study  of 
radiation  induced  electron  centres  and  their  photothermal  transformations.  In  particular,  we 
have  been  studied  in  main  features  the  mechanisms  of  radiation  creation  of  the  F,  Mg+, 
and  Mg°  centres  in  these  crystals.^  According  to  this  work  the  F  and  Mg"^  centres  are 
created  as  a  result  of  decay  of  selftrapped  exciton  in  regular  site  of  the  lattice  or  near  a 
magnesium-vacancy  dipole  (Mg^"^  centre),  respectively.  Capturing  of  electron  by  Mg"^ 
centre  caused  creation  of  the  Mg°  centre.  At  the  exciton  decay,  in  addition  to  creation  of  F 
and  Mg"^  centres,  equal  amount  of  H  centres  are  created. 

The  present  paper  is  dedicated  to  investigation  of  possible  ways  of  stabilization  of  the  H 
centres.  As  a  main  mode  of  the  H  centres  stabilization,  according  to  experimentally 
observed  processes  in  other  alkali  halides  doped  with  divalent  rnetals,^"^  a  capture  of  the 
H  centre  by  magnesium-vacancy  dipole  and  creation  of  V-type  centre  was  suggested.  This 
model  was  already  formally  used  in  works  of  Ramos  et  aL  for  a  kinetics  calculations  of 
radiation  induced  centres  production  in  alkali  halides.  In  the  present  work  the  process  is 
theoretically  studied  in  the  frames  of  model  of  molecular  cluster  which  electron  structure 
was  calculated  by  the  semi-empirical  version  of  the  Hartree-Fock  method.  For 
experimental  corroboration  of  this  process  the  relations  between  dependences  of 
magnesium-vacancy  dipoles  decrease  on  dose  of  gamma  irradiation  and  corresponding 
dose  dependences  of  the  F,  Mg"^,  and  Mg°  centres  radiation  creation  were  used. 


2  CALCULATIONS 

For  research  the  intermediate  neglect  of  differential  overlap  calculation  procedure^  and  the 
embedded  molecular  cluster  model  have  been  chosen.  The  interaction  of  ions  entering  the 
molecular  cluster  and  outside  it  is  treated  in  terms  of  the  nonpoint  polarisible  lattice  model. 
The  sheet  of  the  adiabatic  surface  of  the  excited  states  has  been  studied.  The  energies  of 
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Site  position 


+  Li,''  -  F 


FIGURE  1  X-Y  cross-section  of  the  molecular  cluster  used.  Final  disposition.  Total  energy  is  equal  to  -522.807 
a,u.  a  are  displacements  of  ions  {ai  —  —0.02a,  (72  ~  —0.13a,  =  0.07a,  <74  =  0.05a;  a  is  lattice  constant). 


optical  transitions  are  calculated  using  the  restricted  configuration  interaction  technique,  it 
is  the  difference  in  total  energies  of  self-consistent  excited  and  ground  states. 

For  simulation  of  H  centre  capture  by  magnesium-vacancy  dipole  molecular  fragment 
[F24Li22F°Mg^'^]  was  used.  In  starting  position  of  H  centre  is  situated  in  site  (4,  4)  and 
oriented  in  (111)  direction  (see  Figure  1).  Displacement  of  the  centre  in  this  direction  is 
given  by  vector  8  {8x  =  8y  =  8^)-  Distance  of  equilibrium  between  the  nucleus  is  equal  to 


Concentration  (cm  )  Normalized  concentration  Concentration  (cm 
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FIGURE  2  Dose  dependences  of :  (a)  creation  of  radiation  induced  centres  in  LiF:Mg  (0.05  wt%),^  (b)  decrease 
of  free  dipole  concentrations,®’®  (c)  correlation  between  concentration  of  transformed  dipoles  and  sum  of  radiation 
induced  centres.  Symbols  are  experimental  data,  line  are  corresponding  approximations. 
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3.22  a.u.  Presence  of  magnesium- vacancy  dipole  decreases  the  system  symmetry  and 
effective  charges  of  fluorine  ions  form  H  centre,  obtained  from  population  analysis  are 
nonequal.  The  calculation  shows  that  after  transition  of  H  centre  from  position  (4,  4)  to 
position  (3,  3)  total  energy  of  the  system  decreases  by  approximately  0.4  eV.  Following 
relaxation  of  the  system  leads  to  additional  decrease  of  the  total  energy  by  approximately 
1  eV.  Configuration  of  the  relaxed  ground  state  corresponded  to  minimum  of  the  total 
energy  is  shown  in  Figure  1.  One  of  fluorine  atoms  is  localized  in  cation  vacancy  with 
slight  shift  to  magnesium.  Its  effective  charge  is  -0,08e,  this  of  magnesium  is  4-1.92e.  In 
one-electron  spectrum  of  the  system  some  states  exist  in  which  molecular  orbitals  main 
contribution  is  given  by  atom  orbitals  of  magnesium  and  three  nearest  fluorines.  Thus,  as  a 
result  of  interaction  of  H  centre  with  magnesium-vacancy  dipole  a  centre  Mg^'^F'F^F"  is 
appeared,  which  may  be  called  Mg-H  aggregate  centre  (Mg-H  centre). 

In  the  calculated  spectrum  of  optical  transitions  we  can  set  off  by  oscillator  strength  a 
slightly  splitted  band  with  maximums  near  10.5  and  10.4  eV  connected  with  electron 
transition  from  local  state  of  Mg-H  centre  in  valence  band  to  free  state  of  magnesium  in 
forbidden  gap.  Two  another  more  weak  bands  with  maximums  near  3.0  and  11.5  eV  are 
governed  by  transitions  to  the  one-fold  occupied  state  caused  mainly  by  states  of  three 
fluorines. 


3  DISCUSSION 

According  to  the  mechanism  of  ionizing  radiation  energy  accumulation,  described  in  our 
previous  work,^  concentration  of  H  centres  created  at  the  exciton  decays  is  equal  to  sum  of 
F,  Mg"^,  and  Mg®  centres  concentrations.  If  we  assume  that  all  H  centres  are  captured  by 
magnesium-vacancy  dipoles  than  concentration  of  created  Mg-H  centres  (neglecting  the 
capture  by  magnesium-vacancy  dipoles  more  than  one  H  centre)  will  be  equal  to  sum  of  F, 
Mg*^,  and  Mg®  centers  concentrations.  Furthermore,  creation  of  Mg+  and  Mg®  centres 
leads  to  additional  decrease  of  free  dipoles  concentration  equal  to  sum  Mg"^  and  Mg® 
centres  concentrations.  Therefore  relation  between  magnesium- vacancy  dipoles  and 
radiation  induced  electron  centres  may  be  written  as  follows; 

[Mg2+]o  -  [Mg2+]  =  [F]  +  2  o  [Mg+]  +  2  o  [Mg°] ,  ( 1 ) 

where  symbols  in  square  brackets  are  concentrations  of  corresponding  centres,  [Mg^+]o  is 
initial  (before  irradiation)  concentration  of  magnesium- vacancy  dipoles. 

Creation  of  Mg-H  centres  leads  to  decrease  of  free  dipoles  concentration,  which  can  be 
determined  experimentally  from  decrease  of  dielectric  losses  peak  connected  with  these 
dipoles.  Expression  (1)  gives  principal  possibility  to  test  the  validity  of  idea  proposed 
because  all  the  concentrations  involved  could  be  determined  experimentally.  Result  of 
such  test  is  shown  in  the  Figure  2,  where  dose  dependence  of  sum  of  radiation  induced 
centres  according  to  expression  (1)  (dose  dependences  of  the  centres  concentrations  shown 
in  Figure  2a  are  borrowed  from  our  previous  work^),  is  correlated  with  dose  dependences 
of  magnesium-vacancy  dipoles  decrease  adopted  from  the  works^’^  (Figure  2b).  Because  in 
these  works  the  initial  concentrations  of  dipoles  were  absent,  we  normalized  it  on  initial 
value  of  [Mg^+]o  equal  to  1.6-10^^  cm"^  for  dose  3-10'^  Gy.^  It  is  clear  from  the  Figure  2c 
that  in  dose  range  of  10^-3-10^  Gy  decrease  of  magnesium- vacancy  dipoles  is  reasonably 
fitted  with  increase  of  total  concentration  of  the  radiation  induced  centres.  It  is,  in  our 
opinion,  evidence  for  idea  that  Mg-H  centres  are  really  created  in  gamma  irradiated 
LiF:Mg  crystals. 
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